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1. INTRODUCTION

Working proteins. Time Scale of Biological Processes. Allosteric Effect.
Cooperativity and Concerted Movements. Dynamics and Kinetics vs.
Steady State. Time resolved methods for investigation of kinetics and
dynamics.

1.1 Molecular Motors and Working Proteins

The machines of life are the proteins. These molecules are involved in all the processes and reactions
inside a living organism. Dependent on their function and tasks, proteins can be classified into two
major groups: Firstly the structure proteins, which are responsible for the formation of passive overall
structures such as hair fibres or the cytoskeleton of the cell. The second group are function related
proteins, which facilitate the cell metabolism and regulation. Each protein has at least one three dimen-
sional structure in which it is stable and active under biological conditions. However, proteins are no
rigid bodies, and the stable protein structure can be transformed to other stable states[1, 2]. The transi-
tion between the distinct protein conformations is induced thermical or by specific binding of ligands
or substrates, whereas several structural intermediates can be passed through. The protein can perform
work if energy is released by these processes. This protein dynamics occur on different time scales
with different spatial extents. The different parameters of protein movements are listed in tab. 1.1

Motion Spatial extent (A) | Characteristic time scale ()
Vibrations of bonded atoms 2-5 107 — 10713
Elastic vibration of globular re- 10-20 1072 — 1071t

gions

Rotation of sidechains at surface 5-10 1071 — 10719
Relative motions of globular re- 10-20 10710 —10°7

gions

Allosteric transitions 5-50 10=* —10°

Protein folding 107° — 10t

Tab. 1.1: The spatial extent and the time scales of movements which occur in proteins. (adapted from S. Cusack in [3])

A special group of function related proteins are motor proteins. In contrast to enzymes, which
catalyze chemical reactions, working or motor proteins are able to provide mechanical energy. These
molecules bind nucleoside-triphosphate (NTP) and converts it into nucleoside-diphosphate (NDP) by
hydrolysis of one phosphate. The released energy is used for a processive or continuous motions[4, 5].
During this processive motion mechanical work can be performed. The more general term working
protein is used, if the protein can provide mechanical work, but the motion itself is rather stepwise than
continuous|6].
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If the transition between the stable protein states requires a cascading process with several structural
intermediates, a regulatory process has to be introduced. The simplest regulation is obtained by binding
of ligands to the protein, which introduce the transition between the inactive and the active conforma-
tion. The ligand acts for the transition inactive — active conformation as an activator, while it can also
act as an inhibitor for the conversion from the active state to the inactive state. This regulation process
is possible for monomerical proteins with one ligand binding site. If the protein is assembled from
several identical subunits, a more complicated process takes place. An allosteric regulation process is
introduced into a multi-meric protein, if every subunit of the protein can bind the ligand, but the whole
protein multi-mer is only functional if all the subunits have bound the ligand. This allosteric regulation
is often achieved by a special kinetics of the ligand binding[7, 8].

1.2 Cooperative Control of Protein Activity

As mentioned above, allosteric regulation is found in multi-meric protein assemblies. If these proteins
provide more than one ligand binding site, but all binding sites have to bind the ligands before the
whole protein is converted into the active state, a regulatory scheme is needed. An allosteric regulation
scheme was proposed 1965 by Monod, Wyman & Changeux[9]. The main feature of this allosteric
protein activity regulation is the enhancing of the affinity for ligand binding after the first ligand is
bound. This behavior is called cooper ative binding of ligands. The inversion of this behavior, where
the binding of a ligand inhibits the binding of other ligands, is called negative or anti-cooper ativity.
In large protein assemblies, consisting of several subunits, the allosteric regulations can cause large
conformational changes even over the whole protein[10]. In addition, cooperative and anti-cooperative
behavior can occur at the same protein using the same ligand. In this reactions the cooperative binding
favors subunits to bind the ligand (which are forced in the tense T-state), while it inhibits ligand binding
on the other subunits (which stay in the relaxed R-state)[10]. The biological advantage of allosteric
regulation is, that no additional control mechanism for the ligand is needed, because structural changes
of the protein upon ligand binding control the reaction. The transition between the T- and the R-state
can occur concerted, sequentially or a combination of both. Since the analysis of cooperative and
allosteric protein activity gives insights into the reaction mechanism and its regulation scheme, the
investigation of these processes is of major interest in biophysics and biochemistry.

The investigation of cooperative protein kinetics is often carried out by steady state methods. For
instance, the steady state formation rate of molecules in the T-state at different ligand concentrations
is measured. From this analysis the Hill coefficient, a parameter for cooperative ligand binding can be
obtained. For the investigation of systems far from equilibrium, where the steady state assumptions
are no longer valid, transient-state Kinetics can be measured. For the analysis of a transient reaction
mechanism, time-resolved techniques have to be used. If the transient intermediates can be identified
by a structural signal, rate constants can be derived very simply, and direct informations about the
protein structure upon the reaction cycle can be obtained.

1.3 Time-Resolved Experiments: Dynamics vs. Steady State

Protein structures can be analyzed with high resolution by several methods. X-ray crystallography
or the nuclear magnetic resonance (NMR) methods are able to give insights in the A-regime of a
protein, while electron-microscopy (EM) provides a resolution of about 10-20A. A lot of structural
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and functional information of the ”work” of proteins was obtained by these methods. The advantage of
these high resolution techniques is to characterize the stable conformation of proteins, for instance the
starting conformation before the reaction starts and the end conformation after the reactionis finished.
But time-resolved methods have to be used in order to trace the reaction between the two conformations.
Tab. 1.1 shows that the conformational changes of proteins can occur on different time scales and
spatial extents. For the investigation of these structural changes capable time-resolved methods such
as time-resolved crystallography, NMR or cryo-EM habe to be chosen. However, these techniques are
restricted to several experimental parameters such as the size of the protein, time scale of the reaction
and the triggering of the reaction[11, 12]. For instance, time-resolved Laue crystallography monitors
conformational changes in the ns time range with atomic resolution[13, 14], but is restricted to smaller
proteins. In electron microscopy larger molecules can be investigated[15, 16], but the proteins have to
be frozen after starting the reaction[17]. At least NMR provides time-dependent structural changes in
detail, but it is also restricted to small proteins[18].

Time-resolved small angle scattering (TR-SAS) is a scattering method, where the proteins can be
investigated in solution[19, 20, 21, 22]. As small angle scattering is a solution method, the environmen-
tal conditions can be changed very easily by simply mixing two reactants together. The disadvantage
of scattering in solution is the reduced resolution, which limits the method to large proteins. The devel-
opment of synchrotrons, providing a high flux of high energy X-ray photons, shifts the time resolution
of small angle scattering into the 100ms time range. Therefore, time-resolved small angle X-ray scat-
tering (TR-SAXS), using synchrotron radiation, is a method for the investigation of structural changes
of large protein assemblies if the changes occur in the 1s time scale[19, 22].

It is the aim of this work, firstly to explore the applicabiltiy of time-resolved small angle X-ray
scattering for the investigation of transient protein kinetics, and secondly to trace the reaction cycle and
interplay of two proteins of the chaperonin system GroE of E. coli under ATP conditions.



2. THE MOLECULAR CHAPERONES

Protein folding. Folding of proteins supported by chaperonins. The
chaperonin system GroE. The two stroke motor. ATPase cycle of the
system. Dynamics of binding denatured proteins. Structure and func-
tional implications

2.1 Protein Folding

One of the most fascinating processes of biochemistry is the folding of proteins. In this process the at
first one-dimensional chain of amino acids is folded into a three dimensional conformation, which is
unique for the protein function[23]. For this folding reaction a hierarchical, multi-step process can be
proposed. In the first step, parts of the primary one-dimensional polypeptide chain are converted into
secondary structural elements such as «-helices and 3-sheets. Since these secondary structural elements
are connected by flexible loop regions, a-helices and 3-sheets can form particular protein domains. The
final tertiary structure of the protein is assembled out of these domains. During the folding reaction
more and more different inner molecular bonds (e.g. H- and salt-bridges) are formed and the folding
energy is reduced. The one-dimensional polypeptide chain is in a state of high energy, whereas the
folding intermediates are in a state of lower energy. Thus the protein folding is a spontaneous process.

This view is true for protein folding in vitro, but in vivo protein-protein interaction, which may
disturb the spontaneous folding reaction, has to be taken into account. In vivo, proteins are synthesized
at the ribosomes, which are located in the cytoplasm of a cell. For the metabolic pathway of the
organism a various number of protein has to be synthesized simultaneously. For instance, an E. coli cell
produces 1000 polypeptide chains of an averaged molecular weight of 40 kDa within one second[24,
25, 26]. This huge number results in a protein concentration of about 300mg/ml[27]. At this high
protein concentration, interferences of non-folded or partly folded proteins are possible and would lead
to non-functional protein aggregation[28, 26]. In order to avoid this unproductive dead-end in protein
synthesis in all three kingdoms of life: eubacteria, procaryotic bacteria and archae bacteria, helper
proteins assist the protein folding, if needed[29, 30, 31, 32]. The function of these helpers is, firstly to
bind to the unfolded nascent polypeptide chain to prevent protein aggregation and secondly to facilitate
their folding or re-folding. Since the helper proteins for the assisted protein folding bind to proteins in
statu nascendi, they are called "molecular chaperones”.

2.2 The Concept of Chaperone Mediated Protein Folding

Molecular chaperones are a class of unrelated families of proteins with the common ability to bind to
any hydrophobic surface of other proteins to prevent protein aggregation. A second common feature of
the chaperones is, that the binding of a denatured protein as a substrate to the chaperon is not restricted
by the sequence, or the mass of the substrate protein[33, 34].



2. The molecular Chaperones 9

As described above, the protein folding in the cell often needs assistance. For instance the protein
folding in eubacteria such as E. coli, is facilitated by two different groups of molecular chaperones.
These two groups are, firstly chaperones of the Dnak/DnaJ family and secondly the proteins GroEL
and GroES belonging to the chaperonin subfamily. These two groups show a cascading interplay
during the chaperone mediated protein folding, where newly synthesized proteins are consigned from
one group of chaperones to the other group. This folding cascade is shown in the next figure (fig. 2.1

RNA
Ribosome /DYK polypeptide chain
\ DnaJ

unfolded protein
. %
native protein
|§|—EI
|§|—EI

O

folding off chaperonin

native protein

=

folding on chaperonin

8-

GroEL
G

Fig. 2.1: Interplay of the chaperones. While specialized chaperones bind to the nascend polypeptide chain the chaperonin
(GroEL-GroES) binds the newly synthesized protein only if the spontaneous re-folding fails. The re-folding of the protein
can occur in the GroEL barrel (on chaperonin), as well as after the release of the completely unfolded protein in the
surrounding (off chaperonin).

The chaperones of the DnaK/DnaJ group bind the protein while the polypeptide chain grows from
the ribosome, and prevent the chain from aggregation. After the DnaJ/DnaK proteins are dissociated
the, now fully synthesized, polypeptide chain can fold into the native conformation. The chaperonins
GroEL/GroES are only involved, if this spontaneous folding fails. For the re-folding of the bound
protein two possible pathway are proposed (see fig. 2.1 right). Firstly on the chaperone, where the
chaperonin allows the protein to fold without interference with other proteins in the barrel, like in an
”Anfinsen-cage”[35, 36, 37]. The second possible pathway is off the chaperone, where the protein
is released fully unfolded and can re-fold spontaneously. These two pathways of protein re-folding
are strongly dependent on the substrate protein, but the general parameters of the on or off chaperon
re-folding are not quite clear yet.

A second task of the chaperonins is the protection of the cell from protein aggregation due to
thermical or chemical stress[38]. Proteins are sensitive to denaturation by heat or chemicals. Denatured
proteins show hydrophobic patches on their surface which would lead to protein aggregation. As in
the folding cascade of newly synthesized proteins, the chaperonins bind to these hydrophobic sites,
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avoiding protein aggregation by coverage of these patches, and facilitate the re-folding of the denatured,
mis-folded protein.

In the assisted folding process, the substrate protein might have to bind and dissociate several times
until it is folded in the native state[39]. It is known that no external energy is necessary for the re-
folding of some substrate proteins, but the re-folding rate is very slow in this case. The barrel like
chaperonins show an ATPase activity, and the re-folding rate of substrate proteins is increased in the
presence of ATP[40]. Co-factors such as the GroES are also found to cause significant changes to the
chaperonin re-folding process.

The subunits of the GroEL show a remarkable interplay between cooperativity and anti-cooperativity
during their reaction cycle[41, 42]. Therefore the investigation of the reaction cycle by time resolved
methods leads to a better understanding of the protein folding process as well as in the, maybe common,
ATPase regulatory mechanism of the chaperonin mediated protein re-folding[43, 44, 45]. Since the AT-
Pase reaction cycle was found to be in the sub-second time range, and the conformational changes of
the chaperonin upon nucleotide binding and hydrolysis are proposed to be large, time resolved small
angle scattering is the method of choice.

2.3 The Chaperonin System GroE from E.coli

The chaperonin system of the eubacteria E. coli are called GroEL and GroES. This special group of
helper proteins was found as part of the heat-shock response of bacteria cells[46, 47, 48]. The proteins
are mainly expressed during the heat-shock, but are also found in normal growing cells[49, 50]. Further
investigations have shown that the main chaperonin GroEL is a hollow cylindrically shaped molecule,
consisting of two heptameric rings. The rings are build of seven identical subunits with a molecular
weight of 57 kDa. These two rings bind back to back to each other and form the GroEL cylinder[51].
The crystallographic structure[52] of the GroEL is shown in figure 2.2. The GroEL subunit can be
divided into three domains, with different properties and tasks.

o
146A

Fig. 2.2: The main chaperonin GroEL from the crystal structure. The hole in the middle has a diameter of 45A.The C- and
N-terminal ends of the amino acid chains were not resolved by crystallography.

The apical domain (highlighted red in fig 2.3 left) is the binding site for substrate proteins, and for
GroES. This domain shows a high flexibility and can bind any protein with hydrophobic patches[53,
54, 55]. The domain is flexible within the domain itself, as well as flexible for en-block movements of
the whole domain[55]. For the en-block movements small regions between the apical domain and the
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intermediate domain (highlighted blue in fig. 2.3), and at the junction of the intermediate-equatorial
domain, act as hinges.

Fig. 2.3: Three domain model (left) and surface hydrophobicity of the GroEL subunits (middle and right). The inner surface
of the subunit is highly hydrophobic in order to bind the substrate protein (middle). The bottom of the equatorial domain is
also highly hydrophobic to facilitate the interring binding (right).

The equatorial domain (highlighted green in fig. 2.3) is the largest domain of the GroEL subunit.
This domain provides the binding sites for the other subunits to form the GroEL heptameric ring. It also
facilitates the formation of the whole GroEL cylinder by appropriate the ring to ring interactions. It also
contains the nucleotide binding site. The inner wall of the GroEL ring shows a rather high hydrophobic
surface (see fig. 2.3 middle and right!). This surface is proposed to pull off the collapsed, non-native
substrate protein to give the substrate a second chance to fold into the proper conformation.

It is known from small angle scattering[56, 57] and electron microscopy[51] data that the two
GroEL heptameric rings are separated by the C- and N-terminal ends of the subunits, forming a plug
between the two cavities. Therefore, the unfolding of the denatured protein cannot occur by threading
the amino acid chain through the orifice between the two GroEL rings, as mentioned after the discovery
of the GroEL. However, the re-folding of the substrate protein can occur in the GroEL barrel, as well
as after dissociation from the GroEL. The separated cavities of the GroEL cover a volume of about 85
000A%[52]. Considering a specific mass density of p =0.82Da/A? for folded proteins, an upper limit of
about 70kDa can be derived for proteins completely covered in the cavity. For the re-folding of larger
proteins a different process, including the co-chaperonin GroES, has to be assumed.

The co-chaperonin GroES consists also of seven identical subunits of 10kDa molecular weight. The
dome-shaped GroES can bind in the presence of ADP to one end of the GroEL cylinder, forming the
asymmetric GroEL-GroES complex[51, 58]. The structure of the GroES from crystallography [58] is
shown in figure 2.4.

The GroES subunit can be divided into two main domains: First the core region, which forms
the dome, and second the loop region. This region is a highly flexible loop of about 16 amino acids
and is the main binding site to the GroEL[59, 58, 60]. The binding of the GroES to GroEL occurs
in the presence of nucleotides. A stable GroEL-GroES complex is formed in the presence of ADP
and the GroES binds at the same GroEL ring as the ADP (=cis ring). This asymmetric GroEL-GroES
complex (fig. 2.5) shows a high affinity for unfolded substrate protein and plays an important role in
the chaperonin mediated re-folding process. A second GroES binding occurs only as a intermediate in

! The hydrophobicity is color decoded: blue=low hydrophobic — green=high hydrophobic
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Fig. 2.4: Side and top view of the co-chaperonin GroES. The dome of the protein has a diameter of about 80Aand a height
of 30A

the presence of a high amount of ATP, and this symmetric complex is proposed to be a transient state
in the chaperonin reaction cycle[61].

Fig. 2.5: The asymmetric GroEL-GroES complexes. Left: Crystal structure; right: Model derived from small angle neutron
scattering

The asymmetric complex was co-crystallized with ADP[60]. The binding of GroES initiates large
conformational changes of the GroEL cis-ring. First the apical domains are pivoted 60° upwards and
rotated 90°. A second movement is the flapping of the apical domain inwards by pivoting the interme-
diate domain at the hinge between the intermediate and equatorial domain. The folding cavity enlarges
by the binding of the GroES to 175 000A?, more than double that of the GroEL cavity in the unbound
state[60]. Finally, the shape of the GroEL 14-mer is slightly changed by an en-bloc inward tilting of the
cis-GroEL ring, whereas the trans-GroEL ring is consequently tilted outward. The binding of GroES
to only one side of the GroEL breaks the symmetry of the initially equal GroEL rings. This break in
symmetry is connected with the cooperative binding of the nucleotides. The nucleotide binding and
hydrolysis at the binding pockets of the GroEL show an interplay between positive cooperativity for
one ring and negative cooperativity for the second ring[62, 63, 42].

Only one species of nucleotides, e.g. ADP can occupy the seven subunits of one ring, while the seven
nucleotide binding sides of the second ring remain free or occupied by the other nucleotide (e.g. ATP).
In the presence of K™ and Mg**-ions the bound ATP can be hydrolyzed to ADP. Hence hydrolysis
of the ATP can ocur only in one ring, while the other is inhibited[41]. The energy gained by this
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common biological process is used for the re-folding of substrate protein, and the different nucleotide-
bound states produce different structural arrangements of the GroEL and/or the GroEL-GroES com-
plex. Therefore, the nucleotides are not only used as an energy source, they also trigger conformational
changes of the chaperonins during their working cycle. This feature of the chaperonins is reflected in
the kinetic constants for the nucleotide binding, which show rather different values.

apparent binding constant K 4,
Nucleotide | + GroES - GroES
ADP 70nM 2.5mM
ATP 10pM 6,M
AMP-PNP | 290uM 110:M

Tab. 2.1: Apparent binding constants of nucleotides to the chaperonin GroEL. Adapted from[64]

The GroEL without GroES shows a factor 1000 higher affinity to ATP than for the ADP binding.
The ADRP is easily removed from the binding pockets by the ATP, reflecting that the ATP is the driving
source in the chaperonin mediated protein folding. The whole interactivity between the nucleotides,
GroES and GroEL is a highly coordinated process and can be expressed in a "two-stroke”-model for
the chaperonin cycle[65]. This model takes the positive cooperativity in one GroEL heptameric ring,
as well as the negative cooperativity between the two rings, into account.

o

Py ”.‘
TRE

Ea GroEL rrmin-chaperonin

-~ GroE § co-chaperonin
1] Denatured substrate protein
o] stripped off protein
n the roolten globule
state O
a folded protein in native ’

state

Fig. 2.6: The GroEL-GroES "two-stroke” re-folding cycle

Model of the GroEL-GroES-Substrate "two-stroke engine”:
The initial step is the binding of the denatured substrate protein to the GroEL at the apical domains.
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In the presence of GroES and ATP, the substrate slips into the enlarged cavity under the GroES. The
hydrophobic walls strips off the substrate protein, processing the protein into a molten globule state.
Under ATP hydrolysis the substrate can fold into its native conformation, and the second trans GroEL
ring can now bind ATP. The ATP binding leads to substrate and GroES binding, forming the symmetric
GroEL-(GroES), complex. From this intermediate the cis bound GroES and the ADP dissociate and
the re-folded substrate is released. If the substrate protein is not re-folded after one circle, it can be

rebound and the re-folding cycle starts again[66].



3. TIME RESOLVED SMALL ANGLE SCATTERING OF PROTEINS

Synchrotron radiation, insertion devices, SAXS beamlines at ESRF and
ELETTRA, Stopped flow device for fast mixing, Detection of X-rays:
CCD vs. Gas filled detectors

3.1 Small Angle X-ray Scattering

The amplitude A,, of scattered X-ray photons and neutrons can be classically described as a plain wave
scattered by an ensemble of atoms: ‘
Ay, = bye X o= 97 (3.1)

b, scattering density of the scatterer
A wavelength
7, inner distance vector

Fig. 3.1: Scheme of the scattering of X-rays and neutrons

The superposition of the A, leads to
Alg) =D Ae = bye 07 (3:2)
k k
while g  defines the scattering vector with | ¢ |= 47”32'71@ (using sin(20)=2sin® which

holds for small angle ©).

While the molecules are in an ideal solution randomly oriented the vectors ¢} and 7, equation 3.2 have
to be averaged over the 3-dim (see appendix), and the experimental measured scattering intensity 1(¢))
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results in the Debye formula[67]:

Drmaz sin(qr
I(q) = 47r/0 p(r)#dr (3.3)

The scattering function depends only on the absolute value of g. Thus, the experimental result of a
small angle scattering experiment is a centrosymmetric radial scattering pattern as shown in fig. 3.2.
From this scattering pattern the 1-dim scattering intensity 1(q) is obtained by radial averaging.

log I(a)

radial Averaging
—

q

Fig. 3.2: Scattering pattern of a small angle X-ray experiment

The p(r) function in the formula 3.3 can be extracted via Fourier transformation of the 1(q) function

with the result: 1 [dmas
= E/o I(q) qr sin(qr) dq (3.4)

The p(r) function, the pair distance distribution function, represents the distribution of distances within
the molecule and provides direct structural information about the particle. The intensity distribution,
as well as the p(r) function, can be directly calculated from the atomic coordinates of the molecule.
The reveres calculation of the atomic coordinates out of small angle scattering data is due to the loss of
information not possible. Fig 3.3 shows the so called "inverse scattering problem”:

p(r)

log I(q)
p(r)

Fourier Transformation
—

.
N
~‘
e Model calculations
‘Q
N
.
.
.

.
.
. . inver se scattering problem
inver se scattering problem \ o, non solvable 9p!
non solvable Vd

Fig. 3.3: The inverse scattering problem
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Very sensitive information about the changes in the shape of a molecule is provided by the Guinier
radius equivalent with the radius of gyration R,. This parameter represents the second moment of the
distance distribution function and can be easily calculated:

R2 — ormm p(r)r® dr

g Ormaz p(r) d?“

(3.5)

The radius of gyration can also be calculated directly from the scattering function I(g). By fractionizing
the sin(qgr) of the I(g) function Guinier derived a theoretical description of the scattering function and a
simple way to estimate the R -value (see appendix):

_ (4Ry)?

I(q) = Ipe™ 3 (3.6)

In a special plot, Inl(g) vs. g? the inner part of the scattering function becomes a linear behavior and the
Guinier radius can be estimated by simple line fit. In fig. 3.4 a so called Guinier plot shows the fitting
procedure:

1n I{g)

. } I Fig. 3.4: Guinier plot
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3.2 Beamlines for Small Angle Scattering

The small angle scattering techniques for X-ray were developed almost 50 years ago. At this time the
X-rays were produced by X-ray tubes (Rontgenrohre). The development of electron accelerators and
storage rings (synchrotrons) for particle and high energy physics led to so-called first generation X-ray
sources. At these synchrotrons, relativistic electrons are bent by magnets onto a circle. If a relativistic
electron (vac) is deflected by a magnetic field electromagnetic radiation is emitted.

This radiation was first observed in 1947 at the e —-synchrotron from General Electric Co. in Sch-
enectady/USA. The main advantages of accelerator produced radiation are:

1. continuous spectra
2. high flux of photons
3. small beam size (relativistic electrons)
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Bending Magnet

Fig. 3.5: Bending Magnet:

« The electrons are deflected

“| by the magnetic dipole and
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" _ cular motion. In the case

’ of relativistic electrons the

synchrotron radiation (SR)

T oo is radiated tangentially from

I 1 nsertion Device (Wiggler, Undulator) .
the electron beam and is
Syncrotron Radiation (SR) strongly forward directed.

electrons

The first synchrotrons were dedicated for particle and high energy physics, and synchrotron radiation
(SR) was a "waste-product” and could be only used parasitically” for scattering experiments. The syn-
chrotrons of the second generation sources were specially dedicated for SR users, and beamlines for
synchrotron radiation were adapted to the bending magnets (see figures 3.5 and 3.6). A large improve-
ment of the flux and the brilliance (;— n’jﬁgéﬁ;’gfl% 5vw) Of synchrotron radiation was the development of
so-called insertion devices such as wigglers and undulators. These special devices were built into the
straight sections of the storage ring between the bending magnets, and the synchrotrons were upgraded
to the third generation sources. The Fig. 3.6 (left) shows an overview of the European Synchrotron
Radiation Facility (ESRF) in Grenoble, a third generation X-ray source and the improvement of the
flux for the different X-ray sources (right).
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Insertion devices such as wigglers and undulators are build of special sequences of the magnetic
dipoles and produce synchrotron radiation with special properties. Figure 3.7 shows the spatial arrange-
ment of a wiggler and an undulator.

The bunch of relativistic electrons (v... ~ ¢) traveling through the synchrotron vacuum tube is
deflected by every dipole. The different arrangement of the magnets (see fig. 3.7) leads to different
properties of the produced synchrotron radiation. While the deflection of the electrons in the magnetic
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field of the wiggler produces a broad spectra of radiation, the spectra of the undulator shows a spiky
structure. The reason is constructive interference of the photons at the harmonic wavelength \, of the
undulator. Fig. 3.8 shows two typical spectra of an undulator and a wiggler. Typical wigglers and
undulators are the U46 at the ESRF and the wiggler at the ELETTRA SAXS beamline.
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Fig. 3.8: Synchrotron radiation spectra of the ESRF U46 and the wiggler at the SAXS beamline at ELETTRA.

The different parameters for undulator and wiggler beamlines are listed in tab.3.1:

Parameter

Bending Magnet

Undulator U46 (ESRF)

SAXS BL (ELETTRA)

Magnetic Field
Periodic length
Source Size (HxV)
Divergence

Flux at sample
Beamsize at sample

0.8T

0.4x0.3mm?
0.115x0.005mrad?
101°-10ph/s
1x1mm?

(focused at sample)

~ 2T

46mm
1.03x0.21mm?
0.043x0.027mrad?
8x10'2ph/s
0.6x0.2mm?
(focused at sample)

1.607T

70mm

3.9x0.26mm?
0.08x0.05mrad?
5x10'2ph/s
5.4x1.8mm?

(focus on the detector)

Tab. 3.1: Parameters of Insertion Devices

For the monochromatisation of the polychromatic SR, Bragg double monochromators are used.
Relying on the Bragg effect at a silicon single crystal, a precise photon energy can be cut out of the SR

spectra.

The spectral resolution of a X-ray monochromator crystal is determined by its degree of crystalline
perfection. Deformation of the crystal by the head load induced by the radiation has to be taken into



3. Time Resolved Small Angle Scattering of Proteins 20

Monochromatic radiation
Si single crystal to Beamline

Polychromatic radiation
from Storage Ring
Si singlecrystal

Fig. 3.9: Silicon single crystal double monochromator

account and the crystal has to be cooled by liquid nitrogen. Using the typically single crystals at the
ESRF an energy resolution % = 2.0010~* (at 12keV) can be obtained. As described in the table
above, the strongly forward directed synchrotron radiation shows, depending on the insertion device
used, a more or less high degree of divergence. Without focusing of the radiation the beam size will be
increasing within the distance from the source point at the insertion device or bending magnet. For the
focusing special X-ray mirrors are used. These specially shaped mirrors consist of a Rh-coated (ESRF
SAXS Beamline) double-focusing toroidal surface. It is optimized for obtaining a small beam size at
the sample stage, typically between 50m to 60m behind the source point of the radiation.

Fig. 3.10: Scheme of a toroidal mirror

A complete sketch of a typical SAXS beamline is shown in fig 3.11. The SAXS station of ELET-
TRA consists of a monochromator and a toroidal mirror, as described above. The second monochro-
mator crystal is mounted above in order to guide the monochromatic beam to the optic hutches and the
experimental station.

Optic Hutch | Optic Hutch I Experimental Hutch

Diffraction
Beamline

Fig. 3.11: Scheme of the Elettra SAXS beamline
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3.3 The Stopped Flow Device

The main advantage of small angle scattering is that this technique allows one to perform very easy
time-resolved experiments under native conditions. If the reaction can be triggered by mixing reactants
together a simple mixing machine can be used. The rapid mixing of the reactants is achieved by a
stopped-flow device driven by a stepping motor. This machine was developed in order to obtain fast,
precise and reproducible mixing conditions. It consists of a controller and up to three stepping motor
devices. The controlling and timing is done by a PC using LabView as a programming platform. This
device was used at several synchrotron and neutron facilities for small angle scattering. The mixing
volume are about 200l and the dead-time for the mixing should not exceed 20ms in order to follow
reactions in the sub-second time range. For this purpose, the stepping motor device has to fulfill the
following conditions:

1. short response time and fast acceleration (see Fig. 3.12)
2. high precision in the number of steps

3. accurate and reproducible stepping length

4. exact timing

5. easy and flexible to mount at the beamline

1.0 4 Response time curve of the ISEL stepping
motor device for 100 steps

0.8

o
=
1

Fig. 3.12: Acceleration response curve of
the stepping motor device.

response time [s]
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The problem in the case of stepping motors is the acceleration. The motors need a certain number
of steps to accelerate to the adjusted speed. On the other hand, the number of steps is limited by the
mixing volume, which should be as small as possible. As the response curve in fig. 3.12 shows, the
high speeds cannot be achieved within the small volumes. Since the response time levels of at a speed
of 1200steps/s, no faster response times (=mixing time) as ~20ms can be obtained. The volume can
be controlled by the number of steps and/or using different syringes. By decreasing the size of the
syringe the number of steps can be increased, but speed is lost and the syringes have to be refilled more
often. For example, 100 steps, using 1ml syringes leads to a mixing volume of about 40x1 and 100
steps, using the 2.5ml syringe, gives 110ul. A serious problem is the tight mounting of the syringes in
the stopped-flow apparatus. In order to avoid problems with protein sticking to the surface which is in
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contact with the solution, and damaging due to aggressive components, Teflon was chosen as material.
However, Teflon is a very soft material. The thread of the syringes have therefore to be conducted by a
harder material. This was achieved by a metal plate which was fitted into the Teflon block. In this plate
the threads for the syringes were tapped, but the outlet orifice of the syringe was sealed by pressing it
to the Teflon. The syringe is held by a cap-nut and can be fixed with a clip. In figure 3.13 schemes
of the stopped-flow apparatus and the intake are shown. Further technical details can be found in the

appendix.
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e

Fig. 3.13: Stopped-flow apparatus mounted on a ISEL linear drive. The syringes are mounted using a special intake (see
sectional drawing right)

In the next figure the stopped-flow apparatus mounted on the ESRF small angle scattering beamline
is shown.

ge B
stopped flow device
mounted on stepping motor

mgﬂﬂ?eﬁdcln cooled Helium jet stream

E==9 M\

capillary

|

Fig. 3.14: Scheme of the stopped-flow device, and in use at the ESRF SAXS beamline
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3.4 The Radiation Damage Problem

A serious problem of X-ray scattering at high flux facilities is the radiation damage of the proteins by
the X-ray photons. The absorption of photons with an energy of 12keV (~ 1A ) in water is about 50%
and the energy ismainly converted into heat. The heat-load at the sample on the ESRF SAXS beamline
isin the order of 2W in a very small exposed volume (beam-size: 0.6x0.2mm?). This beam-heating
leads to a thermally induced denaturation of the proteins, while a second process, the production of
radicals by the ionizing radiation attacks the proteins directly. To avoid this effects two precautions
have to be taken:

1. Avoidance of beam-heating by cooling of the sample
2. Use of glycerol asaradical quencher
3. Reduction of the total exposure time of the sample

Whereas the use of aradical quencher such as glycerol (10% V/V) does not cause problems, the cool-
ing device for the sample is a technical challenge. However, for the investigation of a reaction the
sample should be kept at a fixed temperature over the whole experiment. To achieve this atemperature
controlled sample box was developed by Dr. Thomas Nawroth (Univ. Mainz). This box covers the
fragile quartz capillary, pre-tempers the reactants and provides a jet-stream of tempered He-gas onto
the capillary. Nevertheless, this set-up is not sufficient to follow a reaction over a period of more than
5s (see ¢ Fig. 3.15right). For alonger investigation a third syringe was introduced to the stopped-flow
set-up. This buffer-filled syringe (syringe C in fig. 3.15 left) was connected to the flow lines directly
behind the mixer. While the syringes A+B mix the reactants together in the reaction loop and the cap-
illary, syringe C pushes the already mixed solution slowly through the X-ray beam. The speed of this
third syringe was correlated between the total duration of the experiment and the mixed volume, so that
each volume part of the sample was not irradiated longer than ~1s. Using this set-up we were able to
investigate the reaction over 40s, whereas the total time of exposure (lifetime + dark-time/readout; see
chapter ”Detectors”) was 8s. The radius of gyration of the proteins were stable throughout the whole
experiment (solid linein fig. 3.15 right).
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Fig. 3.15: Advanced set-up to prevent radiation damage
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3.5 Modd calculations

Due to the random orientation of the molecules in the solution atomic coordinates can not be recal-
culated directly out of the small angle scattering data. However, performing model calculations based
on coordinates from crystal structures, and comparing the results with the experimental derived data,
conformational changes of the molecules during the reaction cycle can be described. The analytical
calculation of small angle scattering data is solved for geometrical compounds such as rods, cylinders
and spheres. Using the Rayleigh for mula, the scattering intensity | - (g) can be calculated for asingle
sphere:

3(sin(gr) — qrsin(qr))1? (37)

(qr)?

Where r represents the radius of the sphere and q the norm of scattering vector ¢.

Ik (q) = ¢k (q)-Px(q)" =

Small angle scattering results in no atomic resolution. Therefore, proteins can be approximated by
models consisting of spheres located at every Ca-atom of the protein backbone. The radius of the
sphere can be estimated from crystallographic data for amino acid residues to r=3.3A[68].

Fig. 3.16: Modeling of the amino acid backbone of a protein

The scattering intensity of the complete protein is calculated by superposition of the spheres over
the whole ensembl e using the Debye formula.

10) = Y 66a) + 23 gt (onla) Y @9)

iZk Tikd

Where the g; are the scattering density of thei-sphere with a scattering amplitude ¢,(¢) and
the r;;, represents the distance between the i-th and the k-th sphere.

These theoretical calculations where carried out using the program package MULIBODY from Otto
Glatter[69].

The structural and the functional implication can be derived from small angle scattering data by calcu-
lating the initial structure of the protein using the crystal coordinates and by changing the coordinates,
and comparing the resulting structure with the experimental data step by step. This strategy is shown
in the next figure.



3. Time Resolved Small Angle Scattering of Proteins

25

temperature factors

Experimental Data: Crystallographic Data:
scattering intensity 1(q) atomic coor dinates

Fourier Debye
Transformation Y

p(r)-function Sia;l;aring_intensityl(q) Debye modification of the
radius of gyration p(r)-function X h
radius of gyration atomic coordinates

Biochemical Data
L—— ( Comparison ) e— EM-images
good match! bad match!

possible model!

Fig. 3.17: Modeling strategy for small angle scattering data
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3.6 Detectors for Time-Resolved Small Angle Scattering

Gas-filled delay-line detector, Radiolysis of the counting gas; The CCD
camera "FRELON”’; Image plates - an alternative?

As shown in the introduction, the flux of photons produced by synchrotrons has increased over the
last ten years dramatically. While properties of the synchrotron radiation such as polarisation and
coutinous spectra are importand for other methods, the detection of the full photon flux is most impor-
tant for time-resolved small angle X-ray scattering. Unfortunately the improvement of detectors does
not go hand in hand with the improvement of flux. Therefore, several detectors have to be tested to find
out the proper conditionsto use.

3.6.1 Gasfilled Detectors

At the beginning standard gas-filled wire detectors were used at the SAXS beamlines of ESRF and
ELETTRA. Whilethe detector at ESRF*s D2 wasatwo dimensinal (2-d) areadetector, at ELETTRA a
1-d single wire detector was used. The gas-filled wire detectors work on the principle of a proportional
counter. An incident photon ionizes a gas molecule, which emits an electron. This electron ionizes
other gas molecules in the electric field between the anode-wire and the catode-wire and produces an
avalanche of ionized particles. This avalanche creates current pulses at the charged wires. The pulses
can be counted and directly converted into the position on the wire. So-called delay line detectors
calulate the x and y positions from the delay time between the strong negative anode pulse (=t;) and
the position dependent runtime (=t,,) of the positive cathode pulse (Fig. 3.18). As the counting gas of
this M ultiWire Proportional Counter (MWPC) a mixture of 90% xenon and 10% methane or carbon
dioxid is used. Xenon has a good photoelectric absorption cross section for X-ray photons, and the
polyatomic CH, or the CO, atoms are ionized by inelastic collisions to produce the second ionisation
avalanche.

Q

CATHODES
—~—

Number of ion pairs

A M

Fig. 3.18: The multi-wire proportional counter. Characteristic line of the Geiger-Miiller counter and spatial layout of the
wires.
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However, a gas-filled detector can only stand 10° ph/s. The main reason is the local saturation of
the absorbing gas by the high flux of incident photons; this is about 10*ph s~ mm~! (depending on
the mixture of the absorbing gas), and is determined by space charged build-up in the local region of
the counting gas. Further reasons are the indistinguishability of two coincidently detected photons. If
the delay time counting is started and a second photon hits the detector before the counting is finished,
it would lead to a superposition of the two photons. These coincidencing photons have to be rejected.
Another serious problem is the radiolysis of the counting gase, specially of the polyatomic component.
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These gases are dissoziated under conditions of high radiation flux and built-up polymerized hydro-
gencarbons or carbon films on the anode wires. At 12keV photon energy (=1A wavelength) the ESRF
| D2 beamline produces about 1x10'? ph/s. The transmission of the sample at this energy, is about 60%.
Taking the scattering cross section of the protein in the water environment of 10% into account, the
detector has to stand 6x10*! ph/s, on the full 360° area angle. This huge amount of photons produces
a non-linear and non-reproduceable behavior of the detector, based on the problems of gas-detectors
mentioned above (see figure 3.18 right).

Scattering functions:
— start
— after 5s
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Fig. 3.19: Scattering functions recorded with proportional counters. Data obtained with a 360 © 2-d area detector (left) and
a 1-d wire detector (right).

Decreasing the flux in order to overcome these problems results in a reduction of the statistics of
the scattering data. The 1-dim detector of the ELETTRA showed no deadtime and no radiolysis effects
but the decreasing of the amount of dectected photons from 1x10% ph/s incident flux to 2x10% ph/s
detected, produced scattering functions with very bad statistics (Fig. 3.19 right).

Nevertheless, the big advantage of the delay line detectorsisthe very fast readout in the ps range.

3.6.2 X-ray CCD detector

CCD (Charged Coupled Devise) detectors which are photon accumulators are different to gas-filled
detectors, which act as single photon counters. The photons hitting the CCD generate a set of free
electrons and holes in the semi-conductive CCD pixel-array. The produced charge is proportional to
the energy of the incident photon. Each CCD array consists of a serial and a paralel register. While
the charge is stored in the pixels of the paralle register (=2-d array of the CCD-chip), the serial register
is used to unload these charges during the read-out of the array. For this, the charged parallel array
is iterativly shifted to the serial register during the read-out. An analog-digital converter transforms
the charged serial register into a digital signal. A high end CCD array such as the FRELON camera,
consists of 1024x1024 pixel each having a size of 19um.

A problem for time-resolved small angle scattering is the read-out structure of the CCD detector.
During the read-out of the CCD registers no photon has to hit the semi-conductive pixel-array. The
read-out and the erasing of the CCD array takes 150ms (see fig. 3.20). This limits the cabability of
CCD detectors for time resolved analysis. Nevertheless, CCD arrays are the only ”online” detectors
which can stand the full flux of a third generation synchrotron sources at the moment. Small angle
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serial register (=read-out register) 0 ADC
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parallel register

Fig. 3.20: Scheme of the serial and parallel registers of a CCD-array. The readout of this array takes 150ms (FRELON;
ESRF), where no new image can be taken.

scattering functions can be recorded in the 100ms range with very good statistics using, the FRELON-
CCD device available at the ID2 beamline at the ESRF. A typical SAXS pattern, and the resulting
scattering function, are shown in figure 3.12.
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Fig. 3.21: Scattering pattern and evaluated scattering intensity function obtained by the FRELON CCD camera at an
exposure time of 150ms.

The FRELON-CCD device was developed at the ESRF and specially adapted for high flux applica-
tions. The active area of the FRELON CCD chip is about 20mm?. This areaistoo small for obtaining
scattering patterns. To overcome this problem a phosphor (Ge,0,S) coated screen is used to cover a
much larger area. The emitted visible light is further enhanced by a photon amplification system, and
projected over a system of optical lenses on the CCD array. A disadvantage of this converting and en-
hancing procedure is the spatial distortion of the recorded pattern. The pattern thus, hasto be distortion
corrected applying a plate with definded holes for calibration.

3.6.3 Image plates

A third type of photon-accumulating detectors are image plates. On an image plate the X-ray imageis
stored into a X-ray sensitive layer of photostimulable phospor crystals. For the read-out the phospor
layer is scanned by alaser which exites the X-ray stimulated crystals. The resulting luminescense can
be recorded on a diode or photomultiplier system with high spatial precision.
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oJ=-Photostimulable phosphor crystals.

Recent developments (MAR Research) allow an online readout of the image plate without breaking
the vacuum of the detector tube, but reading of oneimage takes about 2min. Therefore, for conventional
time-resolved scattering techniques using a stopped flow apparatus, image plates are not practical. A
possible application for image platesis time-resolved scattering experiments using a continous flow of
the sample for the time resolution. This method would allow the exposure a single time point, for a

certain time and the read-out afterwards (see Chapter Outlook).



4. DATA REDUCTION, TREATMENT AND ANALY SIS

4.1 Small Angle Scattering Data

Radial averaging of detector pattern, Background substraction using
the POROD-law, Analysis of the Guinier-region, Calculation of the
p(r)-function using a direct Fourier-transformation

As discribed in the last chapter, the result of a small angle scattering experiment is a centro-
symmetric scattering pattern. The area detectors described in the detectors section are able to record
2-dim scattering intensitieswith high accuracy. From this 2-dim pattern a 1-dim scattering function can
be obtained by radial integration whereby the intensities, which belong to the same scattering angle 6,
are integrated. This procedure, shown in figure 4.1, reduces the data and al so enhances the statistic for
every single data point by averaging over the same radiant. Thus, a 2-dim area detector the wider range
on higher r-values can compensate the less scattering intensities on the wide margins of the detector.

log I(q)

radial Averaging
——

_ 2n _ 2n _ r
q_Tsme e q—Tsm(tan d)

Fig. 4.1: Radial integration of the scattering pattern on a 2-dim area detector. (d=distance detector-sample)

In the next figure the recorded scattering pattern of the GroEL-GroES complex is shown. The
pattern was taken at the ESRF ID02 beamline using the CCD-camera system FRELON, as described in
the chapter detectors. The side maxima, produced by the central cavity of the GroEL hollow cylinder,
produce concentric rings around the beam center. The inner part of the scattering pattern is protected
by a beamstop, because of the highly forward directed, non scattered intensity which would saturate the
detector within a short time. A serious problem of small angle scattering is the correct substraction of
the background scattering (capillary, windows, buffer e.g.). The scattering functions are normalized on
the incident flux of X-ray photons, but nevertheless fluctuations of 5% have to be taken into account.
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Fig. 4.2: Scattering pattern of GroEL, obtained at ESRF 1D02 using the FRELON CCD camera.

The radia averaging of the data and the primary flux normalisation was done using the small angle
scattering software available at the ESRF. This software was written and maintained by Peter Boesecke
(ESRF ID01). Unfortunately, the data evaluation software includes no error estimation. This problem
isdiscussed in the next chapter.

The scattering of the protein in the higher g-range is about 0.1% above the water scattering. Thus,
substraction of the scattering intensities needs further correction using Porod’s law. In Porod’s law,
the scattering intensity is approximated at higher g-values by estimation of the interface particle-
surrounding media. By using the Porod’s approximation:

p=1I1(q)g~* = pg* + k which holdsfor ¢ > D!

the ”porod invariant” p can be calculated for the water-water interface in order to normalize the scat-
tering function from this straight forward calculation. In fig. 4.3 the fitting procedure and the resulting
p-values are shown.

Fig. 4.3: Inthe porod plot (¢*I(q)vs.q*) the region of higher g-ranges becomeslinear. Using alinear fit, the porod invariant
can be obtained directly.

The difference in the evalutated data is shown in figure 4.4. While some data points of the flux
normalized data get lost due to wrong background substraction (fig. 4.4 left), these data points remain
using the porod invariant as a normalisation factor for the exact buffer substraction (fig. 4.4 right). The
lost data points at higher g-values are necessary for further analysis using the direct Fourier transfor-
mation.

From the buffer and background substracted scattering intensities 1(q) the following data can be
derived, as mentioned in the chapter ”Small angle scattering”:
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Fig. 4.4: Inthe porod plot (¢*I(q)vs.q*) the region of higher g-ranges becomeslinear. Using alinear fit, the porod invariant
can be obtained directly.

1. Theradius of gyration Rg (from the Guinier approximation)
2. The distance distribution function p(r)
3. The scattering intensity at g=0 (~ molecular weight)

Theradius of gyration
One of the easiest parameters derived from small angle scattering is the radius of gyration (Rg). This
Rg-value can be calculated directly from the scattering function 1(q) by a straight forward linear fit
procedure (fig. 4.5)[70]. The data analysis of the Rg was carried out using the macro language of
IgorPRO (WaveMetrics, Lake Oswego, USA) running on a Macintosh. The analysis program runs
automatically and calcul ates the values for every time point.

P

Fig. 4.5: Guinier fit of the GroEL-GroES complex. The Rg value was estimated directly by alinear fit procedure.

The final values for the radius of gyration were obtained by averaging the independent data-set for
the single experiments. The figure 4.6 shows the results of four data sets, and the averaging for the
GroEL reference (mixed with buffer).
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Fig. 4.6: Time progression of the Rg valuesfor the GroEL mixed with buffer (reference). The pictureleft showstheanalysis
of fiveindependent data sets. Theright figure shows the averaged result with estimated errors.

The distance distribution function p(r)
The distance distribution function p(r) is the most easy parameter to interpretate derived from small
angle scattering. While the radius of gyration provides information about the shape of the particle, the
p(r) function provides information of the distribution on distances within the particle. Therefore, the
p(r) function contains direct structural information of the protein.

The p(r) function can be calculated directly viaFourier transformation of the I(qg) function using the
equation as follows:

L / I (¢) qrsin(qr) dg

p(r) = i

For the transformation of the experimentally derived scattering intensity function I(q) via the formular
above, awide range of the I(q) function has to be measured. While the outer part is easy to measure by
changing the distance detector-sample, but with less intensity, the inner part of the scattering function
isnot measurable. The reason isthe highly forward directed scattering due to the less scattering density
of the protein in the water environment. To overcome this problem there are, in general, two strategies.
First the indirect Fourier transformation developed by O. Glatter[69, 71], and the direct transformation
method by interpolating the inner part of the scattering function using the radius of gyration as a pa
rameter. The direct transformation procedure is used for the time resolved experiments presented here.
The single steps for the direct transformation are described in figure 4.7:

The direct transformation procedure starts with background substracted scattering data from the
Porod normalization described above. From this data the radius of gyration is calculated via the
Guinier plot. The resulting Rg-value is used for the recalulation of the inner part of the 1(q) func-

tion by the Guinier approximation I (q) = I e—%‘fi‘f which holdsfor small g-values (=inner part of the
[(g) function). Thisreconstructed part and the experimental data are put together to obtain the complete
scattering function. The resulting function contains about 780 data points. In order to reduce this data
for the numerical integration the experimental data were resplined by a cubic spline interpolation to 50
data points. This splined datawas subjected to the numerical integration, whereby the upper integration
limit was set to r=D,,,.;, the maximal dimension of the protein.
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Fig. 4.7: Thedirect transformation method for time resolved small angle scattering data.

The p(r) function calculated from this procedure was compared with a p(r) function derived by the
standart indirect fourier transformation from O. Glatter[71, 69]. The functions derived from the two
different methods are shown in the fig. 4.8. Since the two p(r) functions show no significant deviations,
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Fig. 4.8: Comparison of p(r) functions derived from direct transformation (blue) and indirect transformation (red)

the direct transformation method is equivalent to the classical indirect transformation.
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4.2 Error Estimation

A serious problem for the analysis methods described above is the error estimation. Unfortunately the
radial averaging program for the small angle scattering data available at the ESRF contains no straight
forward error calculation. Therefore it is essentcial for the further analysis to estimate the maximal
errors. The scattering pattern recorded at a CCD detector contains 1024x1024 pixels on the CCD chip.
While small angle scattering experiments using a”’point-source” such as athird generation synchrotron,
produce centrosymmetric scattering patterns, the area around the beamstop (=inner part of experimental
scattering function) contains the highest amount of scattered photons. The statistics of the data at this
area are thus rather high. The scattering intensities at the outer part is in the order of four magnitudes
lower and produces data with bad statistics. On an area detector the radial averaging increases the
statistics at this low counting area by simply adding a larger amount of pixels. The amount of radial
averaged pixelsis linear with the radius of the circle. For instance, the spatial resolution of the CCD-
chipis~ 25um, therefore acircle at 10 pixels distance from the origin contains about ~ 44 pixels. At
the edge of the detector at 512 pixels distance from the origin this number of summed pixels goes up to
360. The variance of the scattering intensities per pixel increases from 3% in the inner part up to 10%
in the outer area of the CCD-chip. Due to the increasing amount of counted pixels, the averaged errors
for the mean value of the pixelsin the outer part and the error for the averaged data for the inner part
are nearly identical after theradial integration.

0.03 0.1
Sinner = —7/— =~ ———= = Souter
Vi1 /360 '

A scattering function with assigned errors is plotted in the following figure 4.7: The errors are printed
for the upper and the lower limit as dotted lines.

Fig. 4.9: Normalized scattering function 1(q) with assigned errors.

A second serious problem is the error propagation to the Fourier transformed p(r) functions. While
the error of the scattering intensity can be derived directly from the experimental data, the deviations of
the p(r) function is not a straight forward calculation. In order to obtain the variations of thisimportant
function three p(r) functions where calcul ated:

1. p(r) function from the I(q) - errors (=lower limit)
2. p(r) function form the 1(q) without errors
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3. p(r) function from the 1(q) + errors (=upper limit)

From these three Fourier transformed p(r) functions (shown in fig. 4.8) the maximal deviation
between the function was calculated and used as the maximal error.
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8
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Fig. 4.10: Normalized p(r) function p(r) with assigned errors from the procedure mentioned above.

This procedure was carried out for only one of the scattering functions and the obtained maximal
deviation was assigned as the standard error to al other data sets.



5. SAMPLE PREPARATION

The preparation of the chaperonin GroEL and GroES where carried out by Dipl. Chem. Elena Man-
akova at the Max-Planck-Institut fir Biochemie in the group of Hermann Heumann. In this chapter
only the basic steps of the sample preparation are shown. A more detailed describtion of the protein
preparation and purification can be found in the appendix or discribed in literature] 72, 73, 74].

5.1 Bacteria Growing and Protein Purification

The chaperonins GroEL and GroESwere expressed in different E.coli strains (W3110, IM 109, MREG00)
bearing the multicopy plasmid pOF39. The cellswhere grownin LB mediaand collected by centrifuga
tion. The deep frozen cells (-80°C) were thawed in lysis buffer and disrupted using a French Pressure
Cell. The cleared lysate was applied to several chromatographic steps and the different fractions were
controlled by gel-electrophoresis. The GroEL and the GroES fractions were separated and purified
separatly. The rather diluted GroEL fractions were re-concentrated by ultrafiltration, using a 10kDa
cutoff-filter, and applied to a gel filtration. After a second re-concentration step the GroEL was finally
purified by “active red” agarose column (available from Sigma).

The GroES fractions were incubated at 56°C 10-20min. The precipitated material was removed by
centrifugation (20000 x g, 1hour, at 4°C). The remaining GroES in the supernatand is about 90% pure.
The final purification was done using additional chromatographic steps.

The yields of the pure proteins are for the GroEL 10-20mg per 1g E.coli cells and for the GroES
3-4mg per 1g cells.

5.2 Control of the Protein Purity

The purification of the chaperonin isimpeded by the ability of the GroEL to binds denaturated protein.
These non-native proteins stick to the chaperonin and interfere with the binding properties of GroEL to
nucleotides and substrate protein. For structural analysis these impurities have to be removed. Espe-
cially the last purification step, using the active red column, eliminates these damaged proteins, but the
final GroEL has to be controlled before further experiments can be done. This quality control can be
done by fluorescence measurements of the proteins.

Despite the large number of 548 amino acid residues per subunit the wild type GroEL contains
no tryptophane residue. Assuming that the bound substrate proteins contains tryphophane, the fluores-
cence response of the protein at 280nm exitation wavel ength can be used for the control. This procedure
is based on the energy transfer from the exited tyrosine at 280nm to the tryptophane residue. Thusthe
ratio of the emitted light at 305nm to the emitted light at 350nm is a very sensitive value for the purity
of the GroEL . The emission spectra of a GroEL fraction before the "active red” column and afterwards
are shown in the figure 5.1.



5. Sample Preparation 38

fluorescence

T T T T T 1
300 320 340 360 380 400
wavelength [nm]

Fig. 5.1: Improvement of the purity of GroEL. The solid line indicates the emission spectra before the active red” column
and the dashed line afterwards.

The improvement of purity isindicated by the reduction of the ratio % from 1.8 for non-purified
to 5.8 for the purified GroEL.

5.3 Control of the Protein Activity

In order to exclude protein inactivation due to the different purification procedures the activity of the
purified protein has to be proven. The following specifications were made for the activity of the chap-
eronins. Firstly the co-chaperonin GroES should still be able to bind to the GroEL, and secondly the
GroEL ATP-ase activity should not be disturbed. The binding competency of the chaperonin system
was monitored by gel-electrophoresis. GroEL wasincubated in the presence of ADP with different con-
centrations of GroES. The ratio of GroES to GroEL was varied from 0O to a 3-fold excess and applied
to anon-denaturing gel. The result of thisanalysisis shownin fig. 5.2.

0 02 05075 1.0 3.0
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Fig. 5.2: Titration of GroEL and GroES. The ratio GroESto GroEL was varied from 0 to 3. Thethreevisible bandsindicate
the complete binding at 1:1 ratio.

In the gel picture the three bands for the GroEL, the GroES and the asymmetric GroEL-GroES
complex can be identified. The first band on the left is the GroEL band without GroES. The next lanes
of the gel show the binding of the GroES to the GroEL, whereas all GroEL and GroES are formed
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to the complex under aratio of 1. From this data the competency of the two proteins for the binding
reaction is proven.

The ability for the ATP-hydrolysis can be monitored by the production of ADPinthe ATP-ase cycle
of the GroEL. For this experiment radioactive labeled ATP was used. The radioactive label is on the
a-phosphate, which is not subsected by the hydrolysis reaction. The nucleotide and the GroEL were
mixed and the reaction was stopped after various time points by denaturing the protein. The nucleotides
were separated by thin-layer chromatography, which was analysed on an image plate afterwards. The
amount of produced ADP was re-calculated from the initial ATP concentration. The figure 5.3 shows
the time progression of the ADP production within 17min.
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Fig. 5.3: Production of ADP by hydrolysisof ATP. Thelinear part of the datais shown in theinlet.

The initial ATP concentration was 80uM and the GroEL was 0.7uM GroEL 14-mer. The inlet
in figure 5.3 shows the linear steady state phase of the hydrolysis reaction. From this plot an ADP
concentration of 35M after 60s could be derived. Thisled to a production rate of 0.58;:M ADP per
s. Taking into account that only one heptameric ring can hydrolyse seven ATP in one cycle the derived
rateis~ 0.12s~!. Thisfinding isin line with other biochemical investigations.

Thetwo qualitiy controls showed that the proteinswerein afully functional state and could be used
for further experiments.
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The GroEL nucleotide cycle. Formation of the asymmetric GroEL-
GroES complex. The asymmetric complex mixed with nucleotides, the
system becomes dynamic

For the investigation of the chaperonin “two stroke motor”, the kinetics of the chaperonin system
with nucleotides was observed. For this the two syringes of the stopped-flow apparatus were |oaded
with different reactants, mixed rapidly and exposed to the X-ray beam as described above. Nucleotides
were loaded together with the GroES, because GroES do not bind nucleotides and shows no ATP-ase
activity. Therefore, two syringesfor the mixing were sufficient. After radial integration and background
substraction the 1-dim data was averaged over four experimental datasets. This data was applied to an
analysis procedure, calculating the radius of gyration (Rg), the scattering intensity at g=0 (~ molecular
weight) and the distance distribution function p(r). These data for the first experiment, GroEL mixed
with buffer as reference, is shown in the next pictures.

The Reference: GroEL mixed with buffer

The resulting scattering intensities are presented in Fig. 6.1. For a better overview the error bars were
not printed, but are presented for one scattering functionin Fig. 6.2.
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Fig. 6.1: Time resolved small angle X-ray scattering intensities for the GroEL-Buffer reference.

The scattering data show good statistics quality. The exposure time was 150ms for one single
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scattering pattern. The characteristic minimaat ~0.07A !, and the side maximaat ~0.1A ! are clearly
visible. The estimated errors are in the range of 2%. This quality is as good as for data obtained at
other SAXS beamlines with afactor of 10-10* prolonged exposure times.
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Fig. 6.2: Estimated errorsfor the scattering datain fig. 6.1.

From this data the radius of gyration and the molecular weight can be calculated using the straight
forward Guinier approximation. The results from thislinear fitting procedure versustime are presented
infig. 6.3 and 6.4.

Fig. 6.3: Thetime progression of the radius of gyration for the GroEl-Buffer (reference)

The radius of gyration is stable over the whole time course within the errors (Rg ~ 63.5A + 0.24).
The radius of gyration is about 2% higher than known from small angle neutron scattering and from
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model calculations. A possible reason for these deviations is small protein aggregations, as visible in
the distance distribution function (see fig. 6.6).
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Fig. 6.4: Thetime progression of the molecular weight of GroEl-Buffer (reference)

The molecular weight is also stable (MW =~ 800kDa =+ 20kDa), but with large errors. The molecu-
lar weight was recal culated from the scattering intensity at g=0 using the Guinier approximation. The
problem in this case is the less stable measurement of the flux. During the Guinier approximation the
errorsincreased due to the logarithmic regime of the fit procedure. Therefore, the molecular weight was
not analyzed in the further experiments. In the second step of the analysis the scattering intensities 1(q)
were integrated using the Debye formular by the direct transformation method described in the chapter
”Data Reduction, Treatment and Analysis”. Fig. 6.5 shows the Fourier transformed scattering intensi-
ties from fig 6.1. One representative with the estimated errors, compared with a model calculation for
GroEL, is shown on the right side of fig. 6.6.

Fig. 6.5: Calculated distance distribution functions for the GroEL reference. The estimated errors are printed for one
representativein figure 6.6.

The p(r)-functions shows a smooth surface indicating no structural changes of the molecule by
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mixing with buffer. Thisfinding isin line with the results of the Rg-values and the molecular weight. A
comparison of p(r) functions derived from the experimental data, and from model cal culations based on
the crystal structure, shows a good agreement within the errors. In the higher r-region of the function
(between 150A and 180A), a small amount of protein aggregation is visible.

—— experimental data
—— model calculation from
crystal structure

p(r)

0 50 100 150 200
r[A]

Fig. 6.6: p(r) function with estimated errors from fig. 6.5. Also the comparison with a p(r) calculated from the crystallo-
graphic model shows a good aggreement.
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6.1 The main Chaperonin GroEL nucleotide cycle - without GroES

For the investigation of the dynamic GroEL nucleotide cycle, the first step of the chaperonin "two-
stroke” meditated refolding process, mixing experiments with the following nucleotides were per-

formed:

1. GroEL mixed with ADP
2. GroEL mixed with ATP (c47»=0.05mM final concentration = single turnover)
3. GroEL mixed with ATP (c47»=0.5mM final concentration = 10-fold multiple turnover)

The final GroEL concentration after mixing was Cgrorr,= 6.25uM (resp. Csupuni:= 87.5uM for the
GroEL subunits) in all three experiments. In order to explore a concentration dependent kinetic and
binding behavior, the ATP concentrations were varied between 0.05mM and 0.5mM (final concentra-
tion). In these experiments one syringe of the stopped-flow apparatus was loaded with GroEL, and the
second syringe with a mixture of GroES and nucleotide.

6.1.1 GroEL mixed with ADP

The binding of ADP to the GroEL hetadecamer is afast process, with an apparent binding constant of
Kapp = 2.5 . For this reason the binding of ADP to the GroEL is not visible by time resolved small

angle scattering.

.
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Fig. 6.7: Time resolved small angle X-ray scattering intensities for the GroEL mixed with ADP.

The scattering intensities were averaged over two experiments. Therefore the statistic is not as
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good as for the GroEL reference. Hence, the typical minima and side maxima are still visible. Larger
deviations are visible only in the outer part of the I(q) at higher g-values (See fig. 6.7 & 6.8).

log I(q)

0.00 0.05 0.10 0.15 0.20

Fig. 6.8: 1(qg) function from 6.7 with estimated errors. Due to the less number of independent experimentsfor the averaging
the data show larger errors.

Nevertheless, the data was sufficient to calculate the Rg-values, as well as the p(r) functions. The
result of the direct Fourier transformation analysisis shown in the next figure (fig.6.9).

The estimated errors for one representative of the the distance distribution function from fig. 6.9
are shown in fig. 6.10.

Due to the bad statistics, the time progression of the radius of gyration in fig. 6.11 shows large
errors, but is stable at about the same val ue as detected for the unbound GroEL (Rg = 63.5A + 0.3A).

For a better discrimination of the data of GroEL mixed with ADP and GroEL mixed with buffer,
a differential Ap(r) was calculated, by substracting the GroEL-ADP state from the GroEL -reference
state. This Ap(r) function is shown in figure 6.12.

The differentcial Ap(r) functions only shows statistical deviations from the zero-level. Thisisin
line with the values of the radius of gyration, which are in the same range for the two different states.
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Fig. 6.10: p(r) function with estimated errors for the mixing experiment GroEL+ADP.
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Fig. 6.11: Timeresolved analysis of the radius of gyration for GroEL mixed with ADP.
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Fig. 6.12: Difference p(r) function of the GroEL reference and the GroEL mixed with ADP. Only background noise is
visible.
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6.1.2 GroEL mixed with ATP

From biochemistry it is known, that the system GroEL -nucleotides becomes dynamic if ATP is bound
to the GroEL nucleotide binding pocketsinstead of ADP. Furthermore, ATP introduce the cooperativity
between the two heptameric rings of the GroEL barrel.

GroEL in the presence of a single turnover ATP concentration (0.05mM)

For the investigation of the GroEL hydrolysis cycle firstly a ATP concentration sufficient for only one
hydrolysis cycle was chosen. Taking into account that only one GroEL heptameric ring is able to
hyrolyse, while the other ring is blocked for hyrolysis, the ATP concentration of 0.05mM is sufficient
for only one hydrolysis cycle (single turnover conditions). After the hydrolysis step the GroEL should
remain in the ADP bound state. Four data sets were taken and averaged for getting better statistics. In
figure 6.13 the avaraged scattering intensities for this experiment are shown.
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Fig. 6.13: 1(q) functions of GroEL mixed with a single turnover ATP concentration (¢ 47 p=0.05mM) after mixing.

The statistic of the experimental data is as good as for the data obtained for the GroEL reference.
The extremaare visible with high precision. From this data sets for the Rg and the p(r) where obtai ned.
The p(r) functions (fig. 6.14) derived using the direct tranformation procedure shows a very good
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Fig. 6.14: p(r) functions of GroEL mixed with alow ATP concentration (¢ 47-»=0.05mM) after mixing.
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statistics.

The radius of gyration shows a bi-phasic behavior and is decreased immediately after mixing with
ATPto ~ 63.2A compared to the Rg-value of 63.5A for the non liganded GroEL. This conformational
change of the GroEL shows no visible binding kinetics within the first seconds.
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Fig. 6.15: Radius of gyration for GroEL mixed with a single turnover ATP concentration, calculated from the data from
fig.6.13.

After a phase with stable Rg-values the systems relaxes back to ~ 63.6A, the value found for the
GroEL-ADP; state. Therelaxation reaction can be fitted to an exponential function, and atime constant
of kr. = 0.085~! was obtained. From this bi-phasic data a hydrolysis cycle consisting of at least two
different conformational states can be assumed. Firstly the ATP binding and hyrolysis state, which is
formed immediately after the mixing and the GroEL 4, » relaxed ground state. It isremarkable, that the
relaxation of the GroEL ATP binding and relaxation start after 8s. Since small angle scattering averages
over a whole ensemble of molcules, the binding and the relaxation seems to be a highly coordinated
and cooperative process.

As for the mixing experiment GroEL with ADP, the p(r) data are sufficient to calculate the dif-
ference Ap(r). As discribed above the GroEL reference (GroEL mixed with buffer) was used for the
substraction.

Aninteresting feature appears in the differential p(r) function between GroEL -reference and GroEL
with ATP. The Ap(r) shows amodulation of distances at 120A. A peak at 120A risesimmediately after
the mixing and decays within the next 30s (see fig. 6.16).
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Fig. 6.16: Difference p(r) function of the GroEL reference and the GroEL mixed with low ATP.

The next fig. 6.17 shows the detailed time drive of the distance at 120A. The other distances arein
the range of the zero-noise level.

Ap(r=120A)

000000
00000

Fig. 6.17: Time progression of the distance r=120A.

The deviation of the distances show, such as the Rg-values no binding kinetics. The maximal
deflection arise immediately after the mixing. This fast changes in the Rg-value and in the Ap(r)
indicates that all investigated GroEL molecules are switched to a different state within the first data
point at 300ms. A linear decay starts directly, but a second phase of the decay can observed after ~10s.
The second phase was fitted to an exponential function, resulting in a (k4. = 0.09s7!) and levels of at
~35s. Also this bi-phasic behavior supports the existance of two different conformational state.
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GroEL in the presence of a high ATP concentration (0.5mM=multi turnover)

The experiment with higher ATP concentrations (c 47-»=0.5mM), the GroEL subunits were allowed to
make more than one ATP-hydrolysis cycle (10-fold multi turnover). After recording and averaging
over four experimental sets the data where analyzed. Figure 6.18 and fig. 6.19 showsthe I(g) and the
calculated p(r) functions of this experiments.
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Fig. 6.18: I(q) fuctionsfor GroEL mixed with a high ATP concentration.

The very good statistics of the scattering intensities|(q) isreflected in aset of smooth p(r) functions.
From the I(q) function the time drive of the radius of gyration was calculated. The smooth p(r) function
was analysed by calculating the Ap(r) function between the GroEL -reference and the derived p(r) data.

p(r)

W
Fig. 6.19: p(r) functionsfor GroEL mixed with a high ATP concentration.

The calculated Rg-valuesfor thismultiple ATP-cycling experiment shows an interesting modul ation
in time. Like the time progression for the single turnover experiment are the Rg-values decreased
directly after the mixing and shows no binding kinetics.
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Fig. 6.20: Time drive of the radius of gyration of GroEL under high ATP concentration (0.5mM).

In the case of the multiple turnover, the relaxation is retarded to 30s. The starting of a relaxation
starting after this pause and was fitted to an exponential function. For this relaxation an increased
relaxation constant of kp., ~ 0.03s~! was obtained. The fit function levels off at 63.6A after ~100s
(data not shown).

Like for the mixing experiment with the low ATP concentration a differencial Ap(r) function was
calculated. Using the GroEL/buffer data as reference the GroEL/high ATP experiment were sub-
stracted.
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Fig. 6.21: Difference p(r) function of the GroEL reference and the GroEL mixed with high ATP.
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In the Ap(r) athe peak at 120A arises also immediately after the mixing but does not disappear
completely within the 50s experimental duration. This behaviour indicates that the complete ATP
hydrolysisis not finished within the first 50s.
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Fig. 6.22: Time drive of the distance r=120A

The data for the 10-fold ATP concentration can be fitted to a single exponential function (k4. =
0.02s71), which isslower asfound for the single turnover experiment (k4. = 0.09s!). The devolution
of the Ap(r) function shows no multi-phasic behavior, such as the data for the single turnover. In the
singleturnover experiment a starting phase with stable Rg-values of 8swasfound (fig. 6.15). From this
aprolonged stable phase of 80sfor the 10-fold extend of ATP can be assumed. However, the measured
phase in this caseis only 30s. Reason for this behavior might be the enhanced binding of of ATP to the
nucleotide binding pockets.

If the distance of 120A can be assigned to a special distance, for instance the distances between
the ATP binding pockets is difficult to interprete. The binding pockets for the ATP are located in the
middle of the equatorial domain of the GroEL. The GroEL cylinder has a diameter of ~140A. From the
crystal structure the ATP binding sites can be assumed to be located on circle of max. 140A diameter.
The equivalent pseudo scattering particle for the isolated nucleotide binding sites would be a hollow
cylinder of ~140A outer diameter and a maximal thickness of 25A according to crystal structure. The
distance distribution function of a hollow cylinder can be calculated analytically using the following
formulal:

() hottoweytinder = T1(arccos xp — x4/ 1 — x%) — wy(arccos o — w21/1 — 23)

witha, = 57 and @ = 5

Calculated p(r) functions for hollow cylinders (thickness from 5A to 25A) are shown in figure 7.3.

I Thisformulais valid for infinitely thin plates. It is used only as a approximation for the hollow cylinder.
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Fig. 6.23: Modelcalcalculation for the GroEL ATP binding pockets. Assuming a hollow cylinder asamodel of the binding
sSites.

Thismodel calculation showsthat the maximum of the corresponding distance distribution function
for the hollow cylinder with 5A thicknessis ~120A. Therefore the decay of distances at r=120A can be
interpretated as changes on the ATP binding side during the hydrolysis reaction compared to the ADP
bound GroEL state. For the more detailed analysis of the Ap(r=120A) data, crystallographic data and
structures out of electron microscopy have to be used (see Discussion).
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6.2 The GroEL-GroES nucleotide cycle

6.2.1 Formation of the asymmetric GroEL -GroES complex

From biochemical analysis the binding of the GroES to the GroEL in the presence of nucleotides is
known. In the presence of ADP the static, asymmetric GroEL-GroES complex is stabile formed, while
hydrolysis of ATP should introduce a non-static and dynamic behavior. To explore this behavior the

following experiments have been performed:

1. GroEL + GroESin the presence ADP
2. GroEL + GroES in the presence of single turnover ATP conditions (C4p = 0.05m M)
3. GroEL + GroES in the presence of multi turnover ATP conditions (Carp = 0.5mM)

Binding of GroES to GroEL under ADP conditions

In the presence of ADP the asymmetric GroEL-GroES complex is formed. The fast first step in this
reaction is the binding of seven ADP to one GroEL heptameric ring. The binding of the GroES is
the second step in this assoziation reaction. From biochemical studies as well as from small angle
neutron scattering is known that the asymmetric GroEL-GroES complex is stable several hours after
the assembly. The binding reaction wasfollowed over 50s and the data averaging over four independend
sets. From thisthe I(q), p(r) as well as the radius of gyration were calculated.
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Fig. 6.24: 1(qg) functions of GroEL mixed with GroESin the presence of ADP

The estimated errors for on scattering function obtained by thisexperiment isshown in thefig. 6.24.
Also in this data sets the side maximaand minimaare well pronounced. Based on this data the distance
distribution function p(r) was calculated. The result of the straight forward direct transformation is
shown in fig. 6.25. Despite of the less quality of the scattering data, shows the p(r) functions a smooth

run.
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Fig. 6.25: p(r) functions of GroEL mixed with GroESin the presence of ADP

The structure of the asymmetric GroEL 4, p,-GroES was studied in detail with X-ray crystallog-
raphy and small angle neutron scattering. A comparison of time resolved data and data from models
derived from this structure is show in fig. 6.26.

—e— experimental data

—— model calculation from static
7 k small angle neutron scattering

p(r)

| |
100 200
rl

Fig. 6.26: Comparison experimental data of the GroEL-GroES complex and a model calulation based on small angle
neutron scattering data.

Based on the experimental data the time dependence of the radius of gyration for the formation
of the asymmetric chaperonin complex was calculated. Figure 6.27 shows this data applied to an
exponentia fit. Theresidualsindicate a proper fit and amono-phasi ¢ binding behavoir can be estimated.

The radius of gyration increases rapidly in the first 8s from 65A to 66.2A, indicating the formation
of the asymmetric complex. The initial Rg-value of 63.5A for the unbound GroEL is not recordable
due to ato slow data aquisition of the CCD-camera. After 8s the binding reaction is finished and the
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Fig. 6.27: Timedrive of the radius of gyration for the conformation of the GroEL -GroES asymmetric complex.
radius of gyration remains stable (see fig. 6.27). The mono-phasic exponetial fit indicates an first order
reaction, which can be described by the following equations:

GroEL +TADP = GroEL,pp, + GroES = GroELspp, — GroES

Whereas the first part of the reaction, the association of the ADP is not visible, can the second part be
discribed by the follwing differential equation:

d

d_lt) = kaboao =
ao(bo — p) — p(bo—ao)kat
bo(ao — p)

with p=concentration of the complex, k ,=first order rate constant
by and a, theinitial GroEL/GroES concentrations

For the further analysis of thisdatathefollowing assumption were made, i) theinitial Rg-valueisthe
Rg-value of the GroEL 4pp (=63.7A) and ii) the contribution of the unbound GroES to the Rg-values
is negligible. Under this assumption a pseudo-first order reaction can be described by the modified
differential equation:

p(t) = by(1 — e Fabol)

Applying this function to the experimental data the rate constant of this reaction can be derived by a fit
procedure using aleast-square fit (IgorPro; Wavemetrics). The result of this fitting procedure is shown
in figure 6.28.
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Fig. 6.28: Kinetic analysis for the formation of the asymmetric GroEL-GroES complex.

Thefit resultsin an association constant of k, = 4 x 10°M s~ (t1 = 0.278s). Thisfindingisin
line with biochemical data. ’

The Ap(r) functions was calculated from the p(r) functions of the GroEL 4, p,.-GroES complex
using the GroEL as reference. From the kinetic constants derived above a complex proportion of
60% for the first time slice at 0.306s and 90% after the second time dlice at 0.756s can be estimated.
Therefore theincrease of the molecular weight from 800kDa (GroEL ) to 870kDa (asymmetric complex)
dominates the Ap(r) from the first time point. The difference p(r) between the GroEL -reference and
the p(r) for the formation of the asymmetric complex is shown in figure 6.29.
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Fig. 6.29: Difference p(r) function of the GroEL reference and the GroEL-GroES mixed with ADP experiment. The

increase of the molecular weight form 800kDa (GroEL reference) up to 870kDa (asymmetric GroEL-GroES complex),
enlarges the differences dramatically.

The differences of the GroEL and the GroEL -GroES complex are shown in the Ap(r). Theincrease
of the molecular weight from 800kDato 870kDa produces huge difference between the the two sets of
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data. The formation of the complex can be remarked in the first p(r) function only. The GroEL 4 p,-
GroES complex was used as reference for further Ap(r) analysis of the GroEL-GroES complexesin the

presence of ATP.

Binding of GroES to GroEL in the presence a single turnover ATP concentration

While the binding of the GroES to the GroEL in the presence of ADP ends up in the static GroEL -
GroES-ADP complex, this binding reaction should become a dynamic behavior in the presence of ATP.
For thisinvestigation the preformed GroEL -GroES-ADP complex was mixed with buffer containing an
ATP concentration of 0.1mM. The final ATP concentration of 0.05mM was reached after the mixing; in
analogy to the other experiments. Four independend experimental data sets were measured, averaged
and analysed. The scattering intensities|(q) aswell asthe Fourier transformed pair distance distribution
functions p(r) were presented in the figure 6.29 and 6.30. Likefor the other experiments data with good
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Fig. 6.30: I(q) functions of GroEL mixed with GroES in the presence 0.05uM ATP

statistics were obtained using the CCD detector set-up described in the chapter about detectors. The

estimated errors are shown for one representative in the right figure.
For the further analysis the scattering intensities were Fourier-transformed and the distance distri-

bution p(r) functions are shown in fig 6.31.
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Fig. 6.31: p(r) functions of GroEL mixed with GroESin the presence of single turnover ATP conditions
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The radius of gyration was calculated out of the I(q) functions. The result of thisanalysisis shown
in figure 6.32.

In contrast to the binding reaction of the GroES in the presence of ADP, where the Rg-value remains
stable after 8s at ~ 66.1A, the Rg-values for the binding of the two proteins in the presence of ATP
show amodulation in time. While the valueincreases within the first 2s up to ~ 66.8A decaysthisvalue
within 26s to &~ 66.2A, and increases afterwards back to ~ 66.6A. The first phase in the multi-phasic
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Fig. 6.32: Time progression of the radius of gyration for the conformation of the GroEL-GroES complex in the presence a
single turnover ATP concentration.

binding kinetics indicats the formation of the GroEL-GroES-ATP; state. After 8s this intermediate
state decays within 20s to the GroEL-GroES-ADP; state at 66.2A. This decay is overridden by a slow
increase up to 66.6A after 28s. For the kinetic constants of this binding reaction, a pseudo-first order
reaction of the ATP and GroES can be assumed and the fit results in an association constant of K 4,, =
13 x 10°M ~ts—1. Thefollowing decay was fitted to an exponential function and acomplex conversion
rate of k.., = 0.13s~* wasderived. The dissociation of the GroES from the GroEL can not be observed.
From the increase of the values after 28s, arate constant k£, = 0.05s~" was calculated. The end of the
reaction after 50s can not be evidenced from the experimental data.

From the multi-phasic behavior of the Rg-values a multi-step process with at least three different
intermediate states can be supposed. It is known from biochemical time resolved ATP-ase measure-
ments on the GroEL-GroES complex, that the hydrolysis of the ATP starts directly after the mixing
with ATP. Thus, the first transient formed structure can be identified as the ATP-hydrolysing state of
the asymmetric complex. The state after the relaxation at 26s is the GroEL 41 p,-GroES which appears
at 66.2A. The formation of the third state is the rate limiting step of the ATP-cycling and arises after
~50s.

Due to the good statistics of the data a difference pair distance distribution function Ap(r) was
calculated using the asymmetric GroEL-GroES-ADP; complex as reference.
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Fig. 6.33: Difference p(r) function of the GroEL-GroES complex mixed with alow ATP concentration.

In the Ap(r) function there are modulationsin time at various distancesr visible. Like for the decay
of distance at the GroEL ATP cycle without GroES is the significance of one single time point not
very high, but in the time progression the data show ainteresting behavior of the GroEL-GroES-ADP,
complex.
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(a) Ap(r=40A) (b) Ap(r=120A) (c) Ap(r=143A)

Fig. 6.34: Selected distances of the Ap(r) function for the GroEL/GroES ATP cycle (single turnover experiment).
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Binding of GroES to GroEL in the presence of a multiple turnover ATP concentration

The binding behavoir of the GroES to the GroEL was aso investigated in the presence of a 10-fold
ATP multiple turnover concentration. For this the GroEL and GroES were mixed together with a ATP
solution (Ca7p = 1mAM). Thus, the final ATP concentration was 0.5mM, as in the experiments of

multiple ATP concentrations mentioned before. The data are represented in the next fig. 6.35, analyzed
out of four independent data sets.
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Fig. 6.35: 1(q) and p(r) functions of GroEL mixed with GroESin the presence of hight ATP

From the I(g) function the radius of gyration and the p(r) function were calculated for every time-
point, as usual for the other experiments (fig. 6.36).

it

iy i
il @

i
. iy

o

SO

)

p(

Y,

20
i 3
time [S]

B
Fig. 6.36: p(r) functions of GroEL mixed with GroESin the presence of hight ATP

The p(r) functions show the characteristic shape of the GroEL-GroES complex. The remarkable
shoulder at ~60A, and the increase at higher distances is due to the GroES binding.

The analysis of the Rg-valuesis show in figure 6.37. The time progression of the radius of gyration
showsamoreor less stable value at Rg~66.5A over the whole time range of the experiment. Thisvalue
is between the proposed GroEL-GroES-ADP; (Rga66.2A) and the GroEL-GroES-ATP; (Rga66.8A)



6. Results 63

states. The reason therefore isfirst the non syncronicity of the ATP binding and hydrolysis and second
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Fig. 6.37: Time progression of the radius of gyration for the formation of the GroEL-GroES asymmetric complex in the
presence of hight ATP.

the limitation in the time resultion of 150ms of the CCD-detector system (see chapter ”Detectors”).
This two problems result in a consequent averaging over the whole ensemble of the protein molecules
in the state of the ATP binding and hydrolysis.

From the p(r) function a difference Ap(r) function was calculated using the asymmetric GroEL -
GroES-ADP; complex as reference. The plot of this Ap(r) is shown in the next figure (fig. 6.43)

Ap()

Fig. 6.38: Difference p(r) function of the asymmetric GroEL-GroES complex mixed with ATP (C 47p = 0.5mM).
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6.2.2 Dynamics of the asymmetric GroEL -GroES complex in the presence of ATP

While the binding of the GroES to the GroEL was traced in the capters above, also the behavour of this
asymmetric GroEL-GroES complex in the presence of ATP was investigated. For this the preformed
complex (GroEL-GroES-ADP;) was mixed together with ATP using the stopped-flow apparatus as
discribed. In analogy with the previous experiments the following data sets were obtained.

1. The asymmetric complex under asingle turnover ATP concentration (c 47p = 0.05mM)
2. The asymmetric complex under multiple turnover ATP concentration (¢ 4yp = 0.5mM)

The asymmetric complex under single turnover ATP concentration

According the experiments with low ATP the preformed GroEL-GroES-ADP,; complex was mixed
with asolution of 0.1mM ATP, resulting afinal ATP concentration of 0.05mM after mixing. The exper-
iments were repeated four times and the obtained data sets were averaged after the radial integration,
as described. From the scattering intensity function 1(q) the radius of gyration and the p(r) were calcu-
lated. Theresulted 1(q) and p(r) functions are shown in figure 6.44 to 6.47. Also this data showsagood
statistic quality.
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Fig. 6.39: 1(q) function for the asymmetric complex in the presence of a single turnover ATP concentration, with estimated
errors (right)

Out of the scattering data the radius of gyration was calculated viathe Guinier approximation. The
time progression of the Rg is shown in the next figure.

In the time progression of the Rg-value shows first an increase to &~ 66.6A indicating the formation
of the GroEL-GroES-ATP; complex. This complex decays within the 20s to the GroEL-GroES-ADP;,
whereby the dissociation of the GroES from the GroEL does not occure within this time scale and is
therefore not visible. In difference to the binding experiment of GroES to GroEL under the same, low
ATP conditions, the Rg-value do not go up within the 50s experimental time window.

The difference Ap(r) function was derived by substracting the asymmetric GroEL-GroES-ADP;
complex from the p(r) function shown in fig 6.49.
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Fig. 6.40: p(r) functions of the asymmetric GroEL-GroES complex of a single turnover ATP concentration, with estimated
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Fig. 6.41: Time progression of the radius of gyration of the asymmetric GroEL-GroES complex in the presence of low
ATP

Additional the distances of the Ap(r) for the experiment at low ATP concentrations for r=40A,
r=120A and r=143A were analyzed. In figure 7.14 the time progression of the three distances are
shown.

The selected distances show adifferent behavior asfor the formation of the complex. Only the Ap(r)
for r=40A shows a bi-phasic progression, while the other distances stay stable in time. The amplitudes
of the deviations are in the same range like the starting amplitudesin the mixing experiment before, but
no further deviation can be observed. This finding indicates that the formation of the activated GroEL -
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Fig. 6.43: Modulation of selected distances of the Ap(r) function for the reaction of the GroEL-GroES-ADP ; complex in
the presence of low ATP.

GroES-(ADP); complex isinhibited by ADP. It is remarkable, that the progression of the distance at
40A reflects in the presence of GroES the progression of the Rg-val ues.
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The asymmetric complex under multiple turnover ATP concentration

In analogy with the experiments above the asymmetric GroEL-GroES-ADP; complex was mixed with
a solution containing a concentration of ImM ATP (final concentration c4yp = 0.5mM) using the
setup described above. From four independent data sets the 1(q) as well as the p(r) were calculated and
analysed after the averaging. The resulting data for the scattering intensity and the distance distribution
function is shown in figure 6.44.
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Fig. 6.44: The asymmetric GroEL-GroES complex in the presence of high ATP
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Fig. 6.45: The asymmetric GroEL-GroES complex in the presence of high ATP

The dataisfurther analyzed by calculating the Rg for every single time point.Thistime progression
of the radius of gyration is shown in the figure 6.45.

Like the time progression of the Rg-valuesfor the binding of the GroES to the GroEL under 10-fold
multiple turnover ATP concentration, the Rg-value starts up at 66.6A, but do not remains stable over
the experimental duration of 50s. The slight decrease within the 50s from 66.6A to 66.4A indicates a
different ATP hydrolysis behavior for the two intermediate states.
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Fig. 6.46: Time progression of the radius of gyration and the molecular weight for the conformation of the GroEL-GroES
asymmetric complex in the presence of hight ATP.

This differences can aso be observed at the Ap(r) calculated using the stable, asymmetric complex

asreference.
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Fig. 6.47: Difference p(r) function of the GroEL-GroES complex mixed with a high ATP concentration.
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6.3 Time-Resolved Small Angle Neutron Scattering - First Results

In general the time-resolved small angle scattering technique is not restricted to X-rays, but the limiting
step is the flux of scattered particles. While third generation synchrotron sources provide a flux of
5 x 10'2ph/s, the SANS instrument D22 at the Institut Laue-Langevin in Grenoble provides a neutron
flux of 3x107s~'em =2 (A=8A; collimation 4m). Another difference between TR-SAXSand TR-SANS
isthe sizes of the neutron and X-ray beam. The beamsize at ESRF’s SAXS beamlineis 0.6 x 0.2mm?
while the beamsize of the D22 is 20 x 9mm?. For the optimal use of these beam parameters a flat
cell has to be used, and the experiment has to be repeated several times. In order to minimize the
consumption of protein the exposure times are restricted to 1s, and an averaging over ten independent
experiments leads to sufficient statistics of the scattering data.
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Fig. 6.48: Neutron Scattering intensities of a single experiment and the averaging over 10 independent experiments

The advantages of neutrons are firstly that neutrons do not damage the protein, and secondly the
use of the contrast variation method. This powerfull method takes advantages of the different scattering
behavior of the hydrogen- and deuterium nucleus for neutrons. If the hydrogens of a protein are ex-
changed with deuterium atoms by growing bacteriain D,O media, D-labeled proteins with a different
scattering behavior, compared to the normal unlabeled H-protein, can be obtained[75, 56]. In figure
4.49 the different contrast Ap(= psotution — Pprotein) Of H-proteins and D-proteins is shown.
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Fig. 6.49: Contrast Ap of protonated protein and deuterated protein in different D . O buffer solution. At 99% D, O the
contrast of the protonated protein is still positive while the deuterated protein has a negative contribution.
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Thislarge difference in the scattering behavior is mainly used for neutron scattering under contrast
matching conditions where the scattering contribution of the protonated protein is equal to zero, while
the deuterated protein is still visible. In TR-SANS the difference in the scattering behavior can be
used to enhance the signal for the protein-protein interaction by performing scattering experiments of
H-protein and D-protein in 99% D,O buffer. In this experiment the protonated protein has a strong
negative scattering contrast while the deuterated protein has a positive contribution. In the case of the
H-GroES-D-GroEL complex the radius of gyration of this assembly is decreased with respect to the
homogenious GroEL-GroES complex. The decrease of the Rg-valuesin time can be used to following
the binding reaction of the two proteins. In figure 4.50 the radius of gyration for the binding of H-
GroESto D-GroEL in the presence of ahigh concentration (5mM) of the non hydrolysable ATP analog
AMP-PNP (Cc41p—pnp)is shown. In the presence of this nucleotide substiute the symmetric GroES-
GroEL-GroES complex is formed.
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Fig. 6.50: Time progression of the radius of gyration for the formation of the symmetric GroEL-(GroES) » complex.

The time progression can be fitted to a double exponential function, indicating the binding of the
second GroES molecule to the GroEL.

Thesefirst results on the chaperonin system GroE indicate the power of TR-SANSfor the investiga-
tion of protein-protein interactions. Starting from these results, further investigation using, TR-SANS,
are being made by Dipl. Biol. Jorg Holzinger at the ILL. The special interests at this project are the
binding of substrate-protein to the chaperonin using neutrons and differently labelled proteins.



7. DISCUSSION

7.1 Time Resolved Small Angle Scattering - A Proper Method for Protein Kinetics
and Dynamics?

The investigation of static protein stuctures with atomic resolution led to detailed insights of the struc-
ture and function of proteing 76, 77]. Complimentary and more detailed information about the function
of the protein can be obtained by tracing structural changes upon the reaction cycle in time. The dif-
ferent time-resolved methods for the investigation of structural changes show several limitation on the
time-scale, the size of the protein and the triggering of the reaction of interest[11, 12]. For instance,
association and dissociation reaction as well as large conformational rearrangements are in a crystal
often sterically blocked and not accessible by protein X-ray crystallography.

Time-resolved small angle scattering is a method for the investigation of kinetics and structural re-
laxation dynamics of large protein assemblies, whereas the time resolution is limited to the subsecond
range. Shape changes of the proteins due to association and dissociation processes as well as large
conformational changes within the proteins can be analysed and transiently formed protein confor-
mation identified. Since small angle scattering is a solution scattering method, the triggering of this
reactions can be achieved very simply by mixing of reactants. The random orientation of the proteins
in solution leeds to a loss of information and no 3-dimensional structure with atomic resolution can
be calculated from the scattering data. This loss of information can be partly compensated if high
resolution structures for the starting and the final conformation upon the reaction are avialable. Thus,
time-resolved small angle scattering of proteinsin solution closes the gap between the investigation of
small conformational changes on the ps time scale and large changes which occur in the subsecond
range. Structural differences often results in very small deviations of the small angle scattering data.
In static experiments the significance of this small deviationsisvery low. In time-resolved small angle
scattering the trend of this deviations can be traced and enhances the significance.

The sensitivity of small angle scattering using X-rays and neutronsislimited by two factors. Firstly,
by the number of scattered particles such as X-ray photons or cold neutrons and secondly by the readout
time of the capable detectors. The use of small angle X-ray and neutron scattering for the investiga-
tion of protein kinetics, the advantages and disadvantages as well as results on chaperonin system
GroEL/GroES are discussed in the next chapters.

7.1.1 Short Times, Low Contrast and a L ot of Photons: Time Resolved Small Angle X-ray Scattering

The developement of synchrotrons enhanced the possibiltiesin structure research in several ways. Due
to the high flux of X-ray photons produced by synchrotron radiation, methods such as small angle scat-
tering were now capable for time resolved analysis. A typical beamline at athird generation sychrotron
source, such asthe ESRF in Grenoble or the ELETTRA in Trieste, produce aflux of 102 —10'3 photons
per second (@12keV=1A wavelenght). Due to this high flux two problems arise. Firstly, the radiation
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damage of the protein due to huge amount of high energetic photons, and secondly the detector has to
be abel to detect a high flux of scattered photons.

The radiation damage problem could be overcome by the devel opement of a so called ”continuous”
stopped-flow device. While in a conventional stopped-flow device two syringes, containing the two
reactants, facilitates the mixing, the advanced ”continuous” stopped-flow consists of three syringes.
This additional, third syringe produce a slow flow of already mixed sample through the irradiated
capillary in order to push non damaged sample in the X-ray beam.

For the detection of the flux a CCD detector was found to be the best choice. Thisdetector represents
a compromise between a high counting rate and a fast readout. Whereas the CCD detector FRELON
at the ESRF can by readout within 150ms, but shows no deadtime effects such as a standard gas-filled
delay line detector.

The synchrotron radiation at athird generation source can be produced by insertion devices such as
wigglers and undulators. The radiation produced by these two insertion devices differs mainly in the
beamsize, and consequently in the irradiated sample volume. For instance the irradiated volume for a
typical undulator beam is 0.12mm? (0.6mmx0.2mm beamsize, capillary with Imm diameter). Using
this standard setup for small angle scattering, a number of irradiated molecules of ~ 7 x 10'° can be
estimated in the case of the small undulator beam. A wiggler beam of typical beamsize of Smmx2mm
increase the number of moleculesto ~ 5 x 10'2. This enhances the number of scattered photons and
shorter exposure times can be achieved. In any case the detection of the scattered photons is the rate
limiting step of small angle scattering. Recently several projects for enhanced X-ray detectors, which
are able to handle the high flux of photons combined with a short readout are initiated (status autuum
2000).

7.1.2 Short Times, High Contrast and Dripping Neutrons: Time Resolved Small Angle Neutron
Scattering

In contrast with X-ray photons of 12keV (=1A), cold neutrons (A\=8A) are used for the structural
studies. Since the kinetic energy in these cold neutrons is in the meV range, neutrons do not damage
the proteins. The recently available neutron sources produce a much lower flux of neutrons, compared
to a third generation synchrotron source. For instance, the small angle scattering beamline D22 at
the Institute Laue-Langevin (ILL) in Grenoble provides a flux of 3x107 neutrons per second (@8A
wavel enght and 4m collimation), which isfour order of magnitude lower compared to SAX S beamlines
at the ESRF or the ELETTRA. Thislower flux can be partly compensated by:

1. The large beamsize of the neutron beam 20x 9 mm?
2. Enhancing the contrast of the proteinin aD,O environment
3. Using selectively D-labeled protein

As calculated for the X-ray scattering, increases the beamsize of 20x9mm? the number of scat-
tering particlesto 1x10'“. The use of D-labeled proteins in buffer containing 99% D, O increases the
scattering contrast by afactor of 3, and the amount of scattered neutrons can be further enhanced.

The large beamsize requires a larger cuvette, which results in an enlarged mixing volume. The
larger mixing volume causes two problems. Firstly the need of more protein, which is special in the
case of D-labeled protein not easy to obtain, and secondly in an extended mixing time. However,
under the conditions described above, scattering data with sufficient statistics can be obtained within
1s. The statistics can be enhanced by repeating and averaging over several independent experiments.
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Despite this disadvantages, small angle neutron scattering provides additional detailed information
about proteins in solution by the method of contrast variation. This method is based on the different
scattering crossections of protons and deuterons, and can not be applyed to X-rays. From this data,
complementary to X-ray scattering experiments, can be obtained.

7.2 TheATP-ase Activity of GroEL

The GroEL chaperonin shows avariousinterplay between cooperative and anticooperative ligand bind-
ing. The nucleotide binding breaks the symmetry of the otherwise non distinguishable GroEL hep-
tameric rings. The switching between symmetric and antisymmetric stages seems to play an important
role in the function of the chaperonins during their refolding cycle. The different states are defined as
a T(ense)-state where the nucleotide can bind, and the R(elaxed)-state where no nucleotide can bind
or is bound. The kinetic constants of the ATP-ase cycle of the GroEL were investigated by several
biochemical and biophysical methods. These kinetic constants were verified by small angle scattering
and further information about cooperative and anti-cooperative nucleotide binding and the resulting
structural changes was obtained.

7.2.1 Allosteric Effect of the Cooperative ATP Binding

If proteinsare build of several identical subunitsthe cooperative binding of ligandsis often facilitated by
an allosteric enhanced binding behavior. An alosteric effect of the nucleotide binding is aso proposed
for the GroEL subunits. For this the binding of one single ATP molecule to a GroEL subunit should
switch the whole GroEL heptameric ring into a state with an enhanced affinity for ATP. The other ATP
molecules can bind to the remaining six alosterically switched GroEL subunits, while the opposite
GroEL heptameric ring is blocked for ATP binding. The allosterically switched GroEL as well as the
ATP hydrolysis and the relaxation to a the ADP bound ground state were investigated by small angle
scattering. The formation of atransient GroEL state upon ATP binding and hydrolysis can be identified
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Fig. 7.1: The bi-phasic time trend of the radius of gyration indicates intermediate states of the GroEL upon ATP binding

in the radius of gyration (phase 1 in fig. 7.1). The Rg-value is decreased from 63.7A, the initial
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Rg-value of the GroEL, to 63.3A. The formation of the nucleotide bound GroEL shows no binding
kinetics within the first 150ms. These data support the model of the alosteric effect for the ATP
binding. The binding of a single ATP molecule shifts the whole GroEL molecule into the alosterically
switched state, and the overall shape changes of the GroEL appear immediately. Another remarkable
feature is the stable period of the binding and hydrolysis phase. In the case of a single turnover ATP
concentration this period is about 8s, and is prolonged for the 10-fold multiple turnover to 30s. This
stable phase indicates, that ATP hydrolysing GroEL ring remains in the alosterically switched state
until the hydrolysis is finished. The relaxation of this GroEL ring to the ADP-bound ground state
occurs afterwards.

Besides the radius of gyration, a very sensitive parameter for shape changes, the allosteric switch
can be investigated by the Ap(r). Model calculations had shown that the binding of nucleotides results
in changes of distances at 120A. Hence, the Ap(r) at 120A provide direct insights to the nucleotide
binding pockets upon ATP binding. Since there is no kinetics for the ATP binding visible, the GroEL
seems to be switched into the enhanced ATP binding state directly after ATP binding. Remarkable is
the bi-phasic decay in the Ap(r). This first phase of the decay correlates with the first phase seen in
the Rg-values. Taking into account the biochemical result, that the ATP hydrolysis starts immediately
after the ATP binding, thisfirst phase can be denoted to the ATP hydrolysis. The overall GroEL shape
does not change upon hydrolysis, indicated by the stable Rg-values within this phase. Thus, the GroEL
subunit remains after the hydrolysis in an "activated T-state”, which is similar to the ATP state. An
another interesting feature can be remarked in the Ap(r) during the hydrolysis phase. If the hydrolysis
appears in a concerted manner, the data would stay stable and the relaxation starts afterwards. The
linear decay of the distances within the first 8s indicates that this is not the case and the hydrolysis
occurs in a non concerted way. The second phase is the relaxation of the activated GroEL ", ,» State,
back to the GroEL 4,pp ground state. If in the activated ADP state the cleaved ~-phosphate is still
located in the nucleotide binding site, can not be decided from this data.

As mentioned above, the ATP hydrolysis does not cause the shape change of the GroEL, but the
allosteric switch after the binding of a single ATP molecule to a GroEL subunit. From the Rg-values
of the single turnover ATP experiment, the hydrolysis time of 8s for one GroEL ring can be derived.
Therefore a prolonged stable phase of 80s seconds can be estimated for the 10-fold turnover. However,
the stable phaseisonly 30s. Consequently the second GroEL ring have to be taken into account. During
the ATP binding thisring remains empty in the R-state and is blocked by the anti-cooperativity between
thetwo rings. After the binding of seven ATP and their instant hydrolysisin the T-state ring, the GroEL
subunits of the R-state ring starts to bind ATP, and the GroEL is shifted into the "activated T-state”.
From the data can be concluded, that for the ATP hydrolysis the second GroEL ring has to remain
free, but in the case of the multiple turnover the dissociation of the ADP from the GroEL nucleotide
binding pockets seems to be more and more inhibited by the increasing amount of produced ADP.
The relaxation from the activated GroEL state to GroEL ground state is slowed down by this product
inhibition and can be remarked in the Rg-values as well asin the Ap(r).

From this two different sets of data the following model for the hydrolysis cycle of the GroEL can
be derived:

1. The GroEL binds an ATP rapidly followed by an alosteric switch of the GroEL ring
where the ATP is bound

2. The conformational change of the GroEL is caused by nucleotide binding and not by the
hydrolysis
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2. The ATP hydrolysis starts immediately after the binding in a non concerted mode

3. The ATP hydrolysisis a highly cooperative reaction where all seven subunits have to
finished their hydrolysisreaction before the next cycle or the relaxation starts

4. The binding of ATP to the opposite GroEL ring switches the GroEL in the enhanced
ATP binding state and inhibits the relaxation to the GroEL 4 » ground state

7.2.2 Comparison of the Small Angle Scattering Data for the GroEL-ATP Complex with Structures
from X-ray Crystallography and Electron Microscopy

The ATP bound state of the GroEL is not a static structure, since the ATP-ase cycle starts directly after
the nucleotide binding. Therefore, static methods have to use kinetically stalled intermediated using
non hydrolysable ATP anal ogues which acts as substitutes for the ATP.

For the GroEL in complex with such a the slow hydrolysable ATP analogue ATPyS, a crystal
structure is available (see fig. 7.1 left)[78]. This structure was used for a comparison between the ATP
bound state and the non ligated GroEL. As pointed out above, the changes at the nucleotide binding
pockets of the GroEL upon ATP binding and hydrolysis are visible in the Ap(r) at r=120A. Indeed
the GroEL-(ATPyS) structure shows conformational changes mainly at the nucleotide binding sites,
indicated by the maximum at ~120A in the Ap(r) function (see fig. 7.1 right: blueline).

T T T 1
0 50 100 150 200
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Fig. 7.2: left: The GroEL-(ATPy.S)7 structure from X-ray crystallography. right: The difference p(r) derived from model-
calcalculation of GroEL non ligated and in complex with ATPv.S (blue) and experimental data (red).

However, the difference Ap(r) between the two structures shows differences in the range of 90A
to 120A as expected, but also large changes at ~50A. These differences are also found in the exper-
imentally derived Ap(r), but not that pronounced (fig. 7.1 right: red line). The high peak at 120A
indicates larger changes at this distances. Since no conformational changes of the apical and interme-
diate domains of the GroEL 47p.,s upon nucleotide binding are described for the crystal structure{ 78],
the changes in the range of 50A could also be induced by nucleotide binding. Hence, the amplitude of
the differences at 50A are consequently in the same range like the amplitude of the changes at 120A .
In the small angle scattering data no significant changes at 50A are visible. If the do not occur or if they
have not significant amplitudes can not be decided from the experimental data. However, high resolu-
tion electron microscopic data report for the GroEL-ATP complex not only changes in the equatorial
domain. These data shows large conformational changes of the GroEL-ATP; complex compared to the

! Theintegrated area of the Ap(r) has to be zero, because the molecular weight of the molecules does not change.
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un-ligated structure. In figure 7.2 a comparison between EM-images of the GroEL-ATP state and the
GroEL-ADP state is shown.

Fig. 7.3: Comparison of high resolution electron
microscopy of the GroEL-ATP and the GroEL-
ADP dtate. The differences are encoded in red
(significant change) and blue (no difference). The
apical domains of both rings shows significant
changes aswell asthe nuclectide binding sides | o-
cated in the equatorial domain. (Roseman M.A.,
et a. Cell 97(3):325-38, 1999 Apr 30)

Remarkable in the EM-structuresis, that the binding of nucleotide to on ring causes changesin the
apical domains of the opposite ring. This behavior would lead to changes in the small angle scattering
data at larger distances than 150A. On the other hand changes at the apical domainsin one ring would
indeed result in changes in the range of 120A. According these changes the distances at ~120A would
increase and result in a high peak at this point, whereas the distance at 50A would not be involved. This
might be the explanation for the high peak at 120A in the small angle scattering data.

7.3 The GroEL-GroES nucleotide cycle

The GroEL-GroES nucleotide cycle is dominated by the binding of the co-chaperonin GroES, evenin
a structural analysis. Thus, besides the kinetic constants for the formation of the complexes structural
data were calculated out of the time resolved data.

7.3.1 Asymmetric binding of the GroES in the presence of ADP

The GroEL-GroES asymmetric complex is stably formed in the presence of ADP. The formation shows
an association constant of k., = 4 x 10°M~ts~!. This finding is in line with biochemical data
derived by other methods[79]. The experimentally derived radius of gyration of 66.1A after 10s corre-
spondswith experimental datafrom static small angle X-ray and neutron scattering. For the asymmetric
GroEL 4pp-GroES complex two possible structures are reported. Firstly a model derived from small
angle neutron scattering[56] and a secondly the crystal structure[60]. The model of the neutron scat-
tering was obtained using selectively labeled proteins under contrast matching conditions (see chapter
6.3). This approach alow to investigate selectively the GroES whileit is bound to the GroEL .

From this experiments differences between the bound GroES in the solution structure and the crys-
tal structure were found. While the GroES in the crystal structure shows only small changes at the
”mobile loops” which facilitate the binding to the GroEL, the GroES in solution undergoes large con-
formational changes. The dome shaped GroES heptameric molecule opens its structure and enlarges
the hydrophobic surface for the binding to the GroEL. On the other hand shows the GroEL an overall
conformational change which isnot visible in the small angle neutron scattering. The contrast variation
technique can not be adapted for X-ray scattering. Thus, small angle X-ray scattering can not distin-
guish if changes occur in the GroES or in the GroEL, because only the superpositions of all changes
are visible. The rather small conformational changes of the GroES are override by the huge overall
changes upon the binding reaction.
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If the experimental data for the asymmetric GroEL-GroES complex from small angle neutron and
X-ray scattering are compared, only little differences were found. Fig. 7.3 shows this comparison of
the experimentally derived p(r) functions for the chaperonin complex from SAXS and SANS.

Fig. 7.4: The comparison of experimental dataand model calculation of the asymmetric chaperonin complex (image right:
model derived from small angle neutron scattering based on the crystal structure).

The data show a good agreement between the SANS and the SAXS data. Small deviations between
the SANS and SAXS patterns of proteinsin solution are reported by several authorg[80, 81] and are
due to the different contrast of proteins in agueous environment. Whereas the different contrast of the
interface protein - water envelop plays an important role. This might be an explanation for the small
deviationsin the p(r) functions of the SANS and the SAXS experiment.

7.3.2 The Chaperonin Two-Stroke Mechanism and its Structural Intermeditates

While the known structures of the asymmetric chaperonin complex are stable states in the presence
of ADP, ATP introduce a kinetic behavior. From the analysis of the ATP-ase activity of the GroEL is
known, that nucleotides are necessary for breaking the initial symmetry between the two GroEL hep-
tameric rings. On the other hand facilitates the ATP the dissociation of the GroES from the GroEL.
This process and the fact that the asymmetric complex shows a high affinity to hydrophobic surfaces
indicates the important role of the ATP reaction for the chaperonin mediated protein folding. Asshown
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Fig. 7.5: The multi-phasic binding kinetics of the GroES to GroEL complex in the presence of ATP.

for the GroEL not the hydrolysis reaction itself causes the conformational changes, but the binding of
the different nucleotides. The formation of the GroEL 4 p,-GroES transient state shows an kinetic con-
stant of k4, = 13 x 10°M 's~! (phase 1in fig. 7.5), whichisincreased by a factor of four compared
to the ADP. Thisfast phase within the first seconds of the multi-phasic kineticsindicates the binding of
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the GroES to the alosterically switched GroEL after the ATP binding, forming the GroEL 47 p,-GroES
complex. Since biochemical data show, that the ATP-ase activity of the asymmetric GroEL-GroES
complex starts immeditatly after the binding of ATP, the fast phase indicates that the GroEL-GroES-
ATP; hydrolysesits ATP within 4s (K., = 0.255~!). Thus, the kinetic constant indicates an enhanced
ATP binding and hydrolysis due to the GroES binding. If the relaxation (phase 2 in fig. 7.5) of the
hydrolyzing state to the ADP-bound ground state is caused by dissociation of the cleaved ~-phosphate
can not be evidenced from this data. The hydrolysing GroEL 4 p-GroES relaxes to the ADP bound
R-state within the next 20s.

It is known from the mixing experiment GroEL with ATP, that only one GroEL ring can bind and
hydrolyse ATP, while the other is blocked. Therefore, the reaction should be halted after the relaxation
in the GroEL 4, p-GroES complex. However, the time progression of the radius of gyration shows
an increase after 28s, which can not be explained by an addional ATP binding reaction (phase 3 in
fig. 7.5). Thisincrease of the Rg-values after 28s can only be explained by the introduction of a
third conformation. Indeed thisthird "activated” GroEL 4 p p-GroES complex was proposed by Burston
1993[64] and investigated by Rye et al. using fluorescence labeled GroEL[40]. The formation of the
activated complex is a slow reaction (k, = 0.05s~1) and the rate limiting step in the ATP-ase cycle.
Thisfinding isasoin linewith experimental datafrom the multiple ATP turnover. The stable Rg-values
at 66.5A indicates a steady state behavior. The increased concentration of the ATP allows the second
GroEL ring to bind ATP. Thisrestrainsthe systemin the faster ATP hydrolysing state and the formation
of the activated complex isinhibited. If the high concentration of ATP enhancesthe ATP hydrolysis, or
if the 4 p pGroEL 47p-GroES state is a structure of alower Rg-value can not be derived from this data.

From these results the following can be concluded:

1. The GroEL-ATP; state binds the GroES more rapid than the ADP-state

2. The GroES enhances the ATP hydrolysisreaction

3. An activated GroEL-GroES-ADP; complex isformed

4. The formation of this active complex is the owest rate limiting step in the ATP-ase

cycle.
A possible model for thisreaction is shown in figure 7.6.
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+
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activated asymmetric ADP
GroEL-GroES-ADP
complex

-

Fig. 7.6: Scheme for the reaction of GroEL with GroES in the presence of ATP



7. Discussion 79

The biological relevance of the activated GroEL , , p-GroES complex is not quite clear. It isknown
from fluorescence measurements, that the formation of thiscomplex isinhibited by substrate binding[40].
If the activated complex is the state of high affinity for substrate binding and acts like a tensed trap for
denatured proteins, the nucleotide binding pockets of the trans GroEL ring should remain empty. The
data for the multiple turnover experiment could fit into this model, because the binding pockets are
occupied fast by ATP and the formation of the activated complex isinhibited. However the datafor the
kinetics of the preformed GroEL 4 p p-GroES complex in the presence of asingle turnover ATP concen-
tration provides a better insight to the reaction cycle. Indeed, the bi-phasic variation of the radius of
gyration shows no formation of an activated complex.

ration [A]

Fig. 7.7: The multi-phasic binding kinetics of the GroES to GroEL complex in the presence of ATP.

Further onthe slower associationrate of £ 4., = 2.3x10°M ~'s~! indicates, that the anti-cooperativity
of the GroEL rings force the ADP at the trans-GroEL ring to dissociate, before the cis-ring can com-
pletely hydrolyse the ATP (phase 1 in fig. 7.7) . Whereas the lower Rg-value of 66.5A (compared
to 66.8A for GroEL 47 p-GroES hydrolysing state) indicates the 4pp-GroEL - 47-p-GroES intermediate
state. The flip of the GroES from the cis-ring to the trans ATP-bound ring can not observed on this
timescale. The GroES flip from the trans-ring to the cis-ring is the necessary step for the dissociation
of the ADP. The relaxation from the hydrolysis state to the GroEL 4 »-GroES state shows the same
kinetic constant as for the ATP complex measured before (phase 2 in fig. 7.7). This suggests that the
GroES flips to hydrolysing ATP-bound ring, because the system relaxes now in the same way as in
the single turnover experiment with no additional ADP present. The third phase, the conversion to the
activated complex can not be observed in this experiment. If the activated complex is strictly inhibited,
or if theformation is retarded by the ADP can not be evidenced by this data.

From the results of the behavior of the stable GroEL-GroES-ADP;in the presence of ATP the fol-
lowing can be concluded:

1. The binding and hydrolysis of ATP to the trans ring of the chaperonin complex is re-
tarded if ADP isbound on the cisring.

2. A hydrolysing (ADP);-GroEL-GroES-(ATP); complex is formed.

3. The ADP has to dissociate before the relaxation to the ADP-bound ground state starts
4. Theformation of the activated chaperonin complex isretarded, or prohibited by the ADP

The possible reaction scheme for the kinetic behavior of the stable complex isshownin fig. 7.8:
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Fig. 7.8: Scheme for the reaction of stable chaperonin complex in the presence of ATP

7.3.3 Functional Relevance of the Intermeditate GroEL -GroES-Nucleotide Complexes

From the data discussed above a switching mechanism between several major or transient conforma-
tions can be derived. The switching between these states is facillitated by the binding or conversion of
nucleotides. While the analysis of the radius of gyration allows to identify the different states, the p(r)
(respectivly the Ap(r)) functions detailed provide information about the rearrangements within the pro-
teins. Since small angle scattering produces no data with atomic resolution, the structural intermediates
formed during this ”two stroke motor” movement (see also chapter 2.3) can be analysed in detail by
using model calculation out of crystallographic dataand images from electron microscopy. Differences
between the ATP bound and the ADP bound states of GroEL-GroES are mainly reported by electron
microscopic data. These data show overall deviation of the asymmetric GroEL-GroES complex upon
ATP binding and hydrolysis.

Fig. 7.9: Electron microscopic
image of the GroEL-GroES-ATP;
complex. The color decoding in
blue and red indicates differences
between the ATP bound state and
the ADP state. (Roseman M.A., et
al. Cell 97(3):325-38, 1999 Apr 30)

Since the GroEL-GroES-ATP complex is no longer a static structure and these cryo-EM data was
not obtained using a time-resolved EM-method, it shows a mixture of ADP and ATP complexes. In
difference to the crystallographic data, the EM-image shows a slight different GroES structure upon
nucleotide binding. While in the crystal structure only a small part of the GroES, the so called "mobile
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loops” are moved[66, 60], the red colored areas in the EM data indicate a shape change of the whole
GroES dome due to ATP binding and hydrolysis (see fig. 7.9)[40].

This conformational changes of the GroES dome are also reported by static small angle neutron
scattering studies[56]. In this static study the GroES was selectivly investigated while it was bound to
GroEL under contrast matching conditons (see Time resolved small angle neutron scattering). From
this experiment a distance distribution function p(r) for the GroES in situ (=bound to the GroEL in
the presence of ADP) was derived (see fig. 7.10). The difference Ap(r) (fig. 7.10(right)) between the

Fig. 7.10: Differences of GroES in situ structures. The experimental derived p(r) for the GroES from SANS and the
calculated out of the crystal structure show differences at 40A..

GroES structure out of the crystallographic data (fig. 7.10(left): blueline) and the model structure from
SANS (fig. 7.10(I€ft): red line) show deviations mainly at 40A. From model cal culations was derived,
that this deviations are linked to the opening and closing of the GroES dome[56, 82].

The conformational deviations between the ATP and ADP-bound state are dedicated due to the
binding, hydrolysis and conversion of the ADP-bound state to the "activated” complex. These three
phases of the ATP cycle can be clearly distinguished in the data of the radius of gyration. The variation
of the distances at 40A can be denoted to the conformational changes within the GroES, while the
changes at 120A occur at the ATP hydrolysis. Likethe EM datafor the GroEL 4, p-GroES complex the
crystal structure shows large conformational changes in both GroEL rings upon complex formation.
These conformational changes within the GroEL rings are not visible in the small angle scattering.
Figure 7.11 shows the differences in the p(r) functions betwee the crystallogrphic structure and the
small angle data. In Ap(r) deviationes at 120A.

Fig. 7.11: Comparison of structures from X-ray crystallography and small angle neutron scattering. The differences p(r)
shows larger changesin the higher r-region.

These differences indicate overall changes within both GroEL rings upon the nucleotide cycle as
remarked in the EM-images and the crystal structure. While crystallography and cryo-EM obtain only
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stable or stalled structural intermediates, the experimental technique of time resolved small angle scat-
tering provides the conversion between the intermediates. Therefore, the data suggest that the structure
of the asymmetric GroEL-GroES-ADP; complex derived from X-ray crystallography is the activated
complex, which isslowly build only after the ATP-hydrolysis.



8. CONCLUSIONS AND SUMMARY

Subject of this study is the time-dependent analysis of the ATP-ase reaction cycle of the E. coli chaper-
onines GroEL/GroES, using small angle scattering with X-rays and neutrons. The project comprised:

1. A technical task: The development of a stopped-flow device, suitable for the analysis of
protein reaction in solution

2. A problem-oriented task: The analysis of the ATP-ase activity of the chaperonin system
GroEL/GroES

Small angle scattering is alow resolution method. It provides information about the overall struc-
ture of the protein, aswell asthe distribution of distanceswithin the protein. These datais not sufficient
to derive 3-dim structural models. Detailed structural information can be obtained if the small angle
scattering data can be compared with data from high resolution X-ray crystallography. If the com-
parison shows deviations between the small angle scattering data and the crystal structure, the crystal
structure can be modified by model calculations and compared to the small angle scattering data. The
result of the model calculation is an enhanced overall structure model for the solution structure.

This concept was applied to time-resolved small angle scattering. If the static X-ray structures of the
proteins are used as starting and end conformations, the reaction can be traced by the deviations be-
tween the experimental data and the model calculations.

The chaperonin system GroEL/GroES fulfills the prerequisite of a successful time-resolved small
angle scattering study. High resolution structural information from X-ray crystallography was available,
and the kinetics of the system is well characterised by biochemical data. From these biochemical
data structural intermediates are predicted for the chaperonin ATP-ase cycle. The verification of the
kinetic datafor the GroEL/GroES system as well as the identification and investigation of the predicted
transient structure, were the second aim of this study.

8.1 Time-Resolved Small Angle Scattering: Kinetic and Structural Data from
Proteins in Solution

The method of time-resolved small angle scattering can be used to follow the reaction of large protein
assemblies. Since the classical small angle scattering methods, using a rotating anode, allow the taking
of scattering patterns in the time range of hours, short exposure times can be obtained at high flux
X-ray, or neutron facilities such as the synchrotrons ESRF and ELETTRA, or the high flux neutron
reactor at the ILL. The use of third generation synchrotrons shifts the time-resolution into the sub-
second time range, but causes problems due to radiation damage of the protein and limitations on the
detector system.
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X-rays: Problem of radiation damage and dead-time effects on the detector

The use of the high flux of X-ray photons produced by a synchrotron causes the problem of radiation
damage. Under the high flux of 1 x 10'!ph/s the protein is damaged within the first 5s. This time
range is not sufficient to follow the ATP-ase cycle of the chaperonins. The problem was overcome by
the development of a continuous stopped-flow device. A conventional stopped-flow device consists of
two syringes, which are used for the mixing of the reactants. The advanced continuous stopped-flow
device consists of an additional syringe. Thus, the sequence of mixing of the advanced setup is slightly
different. First the two mixing syringes fill an extended reaction loop. This premixed, non-irradiated
sampleis pushed through the X-ray beam by the third buffer-filled syringe. Using this enhanced device
time-resolved data over 50s could be recorded.

Another problem for time-resolved small angle X-ray scattering is the dead-time effects of conventional
gas-filled delay line detectors under high flux conditions. This problem was overcome by using a CCD-
detector. The FRELON CCD-camera, developed by the ESRF detector group, is able to detect the full
flux of photons, but has a slower readout of 150ms. Thislimitsthetimeresolutionto 150ms. During this
study the FRELON CCD-camera was upgraded several times and adapted to the high flux conditions
of the time-resolved small angle scattering technique.

Neutrons: No radiation damage, but low flux

The problem of radiation damage can be avoided completely by the use of cold neutrons. In contrast
to X-ray photons of 12keV (~1A wavelength), cold neurons of A=8A (=1.3meV) cause no radiation
damage. However, the applicability of time-resolved small angle scattering is limited by the flux of
neutrons. The available small angle neutron scattering beamlines (ILL, D22) provide a flux of about
3 x 107 neutrons/s. The lower flux of neutrons can partly compensated by using deuterated proteins and
buffer solutions containing D,O, aswell as with the larger beamsi ze of the neutron beam. Small angle
neutron scattering patterns can be obtained with a time resolution of 1s. The method of contrast varia-
tion, which can only applied to neutron scattering gives complementary data to the X-ray experiments
and further information of the reaction kinetics of the proteins can be obtained.

The structural parameter of small angle scattering is firstly the radius of gyration (Rg) and sec-
ondly the distance distribution function p(r). Whereas the Rg-value can be estimated directly from
the scattering data, the p(r) function has to be calculated via Fourier transformation of the scattering
intensities. Since the recently available Fourier transformation programs are not capable of evaluating
time-resolved data, the direct transformation method was used. This direct transformation allows the
calculation of one single time resolved experiment of 110 time frames within 2h, and no difference to
the well established indirect transformation method was found.

8.2 The Chaperonin ’two-stroke” Engine at Work

The chaperonines GroEL and GroES are helper proteins which assist the protein folding by binding
to hydrophobic patches of denatured proteins or nascending polypeptide chains. The main-chaperonin
GroEL, a14mer with abarrel-like double ring structure of 800kDamass, bindsto hydrophobic surfaces
of denatured proteins, preventing protein aggregation and provide the refolding in the native structure.
For the chaperon mediated protein refolding a ”two-stroke engine” model was proposed by G. Lorimer
(1997) and P.B. Sigler (1998)[65, 66]. In this study the first steps of this model, the nucleotide binding
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and hydrolysis reaction were investigated.

Biochemical datafrom literature suggest aremarkableinterplay between cooperativity and anti-cooperativity
as acommon regulatory scheme for the chaperonin ATP-ase activity. While the binding of nucleotides
ononering of thedoublering GroEL isahighly cooperativereaction, isthe second ring anti-cooperativly
blocked for nuclotide binding.

The cooperative ATP binding is allosterically regulated

The multi-phasic behavior of the GroEL - ATP kinetics, proves the existence of at least one structural
intermediate. This state was identified as the ATP binding state during which the ATP-hydrolysistakes
place. This state is formed immediately (<150ms) after the mixing and shows a stable phase of 8s (at
single turnover ATP concentrations). From the stable phase of 8s a single turnover ATP hydrolysis
rate of Kyq = 0.13s~! was determined, which is in line with biochemical data from literature. The
rapid conformational change and the subsequent hydrolysis phase indicates that the cooperative ATP
binding isfaciltiated by an allosteric switch of the GroEL. This allosteric switch transforms one GroEL
heptameric ring into an ATP enhanced binding state, by binding asingle ATP moleculeto the nucleotide
binding pockets of one GroEL subunit. Thisallosteric switch of the protein structure was proposed from
biochemical data and by theoretical considerations, and is investigated in this study by a structural
signal for the first time.

It is remarkable, that the GroEL subunit remains in the allosterically switched state untill the ATP
hydrolysisis finished in all seven subunits. The relaxation of the subunits to the GroEL ADP-bound
ground state occurs afterwards as a statistical process. From these findings it can be concluded that, it
is not the hydrolysis of the ATP to ADP, which faciltiates the conformational change, but the binding
of the ATP.

Breaking of the GroEL double ring symmetry is an important feature

Since the binding of ATP and itshydrolysisto ADP breaks the symmetry of the two non-distinguishable
GroEL rings, symmetrical and antisymmetrical binding of ligands seemsto play animportant roleinthe
ATP-ase cycle of the chaperonin. Thisview is supported by the binding behavior of the co chaperonin
GroES. The 7-meric, dome shaped GroES molecule (molecular weight 70kDa) binds in the presence of
ADPto oneend of the GroEL cylinder, forming the asymmetric GroEL -GroES complex. Theformation
of this stable complex is known to be fast and a pseudo association constant of k.., = 4 x 10°M 157!
was obtained and verified by data from literature. The asymmetric GroEL-GroES complex shows a
high affinity for denatured substrate protein and plays an important role in the chaperonin-mediated
protein folding.

The binding of a second GroES molecule to the opposite ring of the GroEL, would not allow the
binding of substrate protein. Thus, the formation of the symmetric GroES-GroEL-GroES complex is
inhibited by the all osteric switch. Allosteric switching can enhance the binding of ligands (=cooperative
binding), or inhibit the binding of ligands (=anti-cooperativity). In the case of GroEL the formation of
the symmetric complex is found only in the presence of high ATP concentrations (C 47p>5mM). This
high ATP concentration overridesthe anti-cooperativity of the nucleotide binding and both GroEL rings
can act as ’single” rings. The suppression of the anti-cooperativity is reflected in a bi-phasic formation
kinetics. In afast phase, the asymmetric complex is formed and the symmetric complex is formed in
a slower second phase. This bi-phasic behavior of the symmetric GroES binding was observed in this
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study for the first time, using selectively labelled deuterated proteins and time-resolved small angle
neutron scattering.

Interplay of GroES and nucleotides - the second allosteric switch?

The kinetics of GroEL shows an allosteric switch in the presence of ATP. The relevance of the al-
losterically activated GroEL is reflected in the multi-phasic kinetics of the GroEL/GroES system. The
formation of the GroEL-GroES complex in the presence of ATP shows an elevated association rate of
kass = 13 x 10° M ~1s~! asfor the formation of the asymmetric GroEL-GroES complex in the presence
of ADP, and starts immediately after the mixing. This finding suggests, that the GroES binds to the
allosterically switched GroEL, whereas the binding of GroES enhances the ATP hydrolysisrate for the
single turnover to k,,=0.25s~!. Thus, small angle scattering would suppose a second allosteric switch
upon GroES binding, which enhances the ATP hydrolysis. This finding is in line with a fluorescence
study, which supposes that GroES ”commits” the GroEL to hydrolyse ATP.

This transiently formed GroEL-GroES ATP hydrolysis complex relaxes to the GroEL-GroES ADP
bound ground state afterwards. It is remarkable that after this decay athird GroEL-GroES complex is
formed. This "activated” GroEL-GroES complex is formed very slowly (k... = 0.03s!) and was pro-
posed by biochemical data and investigated by fluorescence. The formation constant out of the small
angle scattering data could be verified by fluorescence datafrom literature, but is measured in this study
for the first time by a structural signal. The formation of the activated complex is the rate limiting step
and is inhibited in the presence of an excess concentration of ADP. The physiological function of the
activated complex is not quite clear, maybe it acts like a tensed trap for denatured protein. Maybeit is
not avery physiological complex, because of the presence of ~mM concentration of ADP in the cell.
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This study shows, that time-resolved small angle scattering is a usefull method for the investigation of
protein-protein and protein-ligand interactions. The method is mainly limited by the mixing device and
the detector system. For the investigation of processes in the ms time range, enhanced time-resolved
techniques have to be applied. The use of a continuous flow device, aquite different technique for time-
resolved small angle scattering, could overcome the problems of mixing and of the limiting readout
structure of the detector. For this two different techniques are possible. Firstly the continuous flow of
mixed sampl e through the X-ray beam, whereas the time resolution is defined by the flow of reactants.
This method is capable for short time points, but needs a lot of material. It is aready successfully used
for time-resolved small angle scattering studies on protein folding.

The second continuous flow method is based on the idea not only to move the sample throught the
beam, but also the sample capillary. For this the first irradiation point is close to the mixing point and
records a fixed time point in ms time range. The mixing of the cuvette is finished after a certain time,
which have to be adjusted. After the flow is stopped, the capillary is scanned by the X-ray beam. The
time points can be recalculated from the scanning velocity. This method would alow to investigate a
longer time period by saving sample. Thetimeresolutionislimited by the beamsize of the X-ray beam.
For the continuous flow without moving the capillary, a static detector system such as an image plate
can be used. It hasto be read-out after every time point, but can detect a high flux of photonswith high
efficiency and high spatial resolution. The moving capillary method would need afast read-out camera
as described for the classical time-resolved small angle X-ray scattering. Recent developments by the
detector groups of the ESRF and the ELETTRA, try to overcome these problems.

The use of neutrons would enhance the time-resolved small angle neutron scattering technique, because
of the contrast variation method. This technique would allow to trace the conformational changes of
one reactand during a reaction cycle. However, the flux of neutronsis limited. Maybe, the new high
flux neutron facilities increase the flux of neutrons and time-resolved small angle scattering becomes
capabl e to the subsecond time range.

For the chaperonin system GroEL/GroES the important part of the chaperonin mediated protein folding
has to be analysed, the binding and release of substrate protein. Due to the unspecific binding of
denatured protein to the chaperonin, crystallographic structures of the chaperonin-substrate protein
complex, may not be obtained. Thus, small angle scattering is the method of choice for thistask.
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The Debye Equation
The overall scattering amplitude of an ensemble of scattering points can be calculated by superposition

of all scattered waves. o
=Y A=Y e (1)
k k

Whereas the ¢ describes the momentum transfer vector of the scattered wave, 7 the difference vector
from one scattering center to the other and the by, the scattering lenght (see fig. ??). For the scattering
on proteins the discrete scattering lenght by, has to be transformed to the electron density p():

= 3 A ) (2
k

Thus, the superposition of the scattered waves from scattering centers within the volume V can be
decribed in integral form:

A(Q) = / L\ (3)

The result of a scattering experiment is the scattering intensity 1(¢). The scattering intensity represents
the multiplication of the overall scattering amplitude A(q) with its complex conjugated A* ().

1(q) = A(q) - A*(q) (4)
The multiplication described in (4) convolutes equation (3) and the integral

1(q) = / / A S A Vel Vel (.5)

VI VII

is obtained.
The substituton with

leadsto

@)= [ [ oo = 7)1 avay ©
Whereas the convolution integral of p* (") defines the auto correlation function and can be written as

@)= [ 5P av (7
Vv

In the theoretical considerations above the assumption was made, that there is only one vector 7.
Thisis true for asingle molecule, or for a perfect crystal. In a perfect single crystal, many vectors 7,
exists, but al of these vectors have the same orientation and lenght. Thisisnot the case, if the scattering
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particles are in solution. In an ideal solution all orientations of the vector 77}, occur, and the 77, has to
be averaged of all possible orientations.

Thus, in equation (7) the convoluted p* ()2 and the exponential equation have to be spatial aver-
aged.

<e—iq~7“> - / e_iq.rdFOrient. (8)
Orient.

Using  dropient. = %sz’mp dy, thespatia averaging resultsin:

2w

. . 1
(e7Ty = /e_zq'mos‘p 532'71(,0 dy (.9)
0
2771 2771
= /§cos(qrcos<p)simp dgo+i/§sin(qrcoscp)simp de  (.10)
0 0
L -
i
- — ' A1
20 cos(u) du + 20 sin(u) du (.11)
gr qr
1 1
_ 1 ~ L _ 12
2qr(sm(qr)—l—szn(qr)) + 2qr(cos(qr) cos(qr)) (.12)
(177 = SUa) (13)

qr

Wheras ¢ =| ¢'|= 2Fsin20 discribes now the norm of the 7"
The spatial averaging of the auto-correlation functionin (7) resultsin:

(p"(7)?) = p(| 7 |)* = p*(r)? (.14)

And the Debye equation can be calculated after the transforming into spherical coordinates.

B ., \98in(qr)
I (.15
Vv
— 4 r #( 2r231n(q7') .
Ig) = 4 / g g (.16

Debye 1915
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The Debye equation (16) has to be calcluated over infinite r-range. However, scattering particles
have finite dimensions. Out of the maximal dimension (D,,,.:) Of the molecule no electron density can
be defined. Using this, the averaged auto-correlation function in (16) can be simplified to the so-called
correlation function y(r)

p*(r) =~(r) + const (.17)
T pesinta)
= 47 ) dada s LA r :
[(q) =4 6/ ’Y( ) qr d < Dmaw ( 18)

Defining the y ()72 as the distance distribution function,

p(r) == y(r)r? (.19)

the scattering intensity of arandomly oriented ensemble of moleculesin anideal solution can bewritten
as.

Dy _
I(q) =4n / p(r) szr;(:r) dr (.20)
0

The p(r) function can be extracted from the equation (20) via Fourier Transformation and resultsin,

Qmaw

/ I(q)grsin(qr) dq (.21)

0

1

p(r) =~

This distance distribution function gives how frequently a distance r; appears within the scattering
molecule. Thus, it provides direct structural information of this molecule.
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The Guinier Approximation
As showed in the derivation of the Debye equation, the scattering intensity function 1(g) can be ex-
pressed by the equation:

Dmam .
I(q) = 4r / p(r) sin(ar) dr (.22
r
/ q
| . sin(gr) . |
Starting from this, the in (22) can be expressed by a series expansion.
qr
Dmaw 9 Dmaw
_ _ T 2
I(q) =4n / p(r) dr 3 / p(r)rcdr + ... (.23)
0 0

In analogy with mechanics the radius of gyration (Rg) is defined as the second moment of the distance
distribution function (in mechanics. of the mass distribution).

Dmaw
. [ p(r)r*dr
Rg® = 5 2 (.24)
[ p(r)dr
0
Using this, the equation (23) can be written in terms of the Rg-values:
Do Ra2q?
_ 94
I(q) = 4r / p(r) dr{l— 3 } (.25)
0

The integral over the p(r) function acts only as a multiplicative factor, and is equal to the boundary
value of the scattering intensity for g—0.

Dios Do
o sin(qr) B
I(g=0) _(111—%47T / p(r) p_” dr = 4r / p(r) dr (.26)
0 0

Thus, equation (25) can be further simplified, and the series expansion in (23) results in the equation::

I(q):1(0){1—R§q2 - }

For small values of (RgQ), the series expansion in (27) can also be written as an exponential by neglect-
ing the terms of higher order. From this procedure the Guinier approximation for the inner part
(g— 0) can be obtained.

(.27)

(Rgq)?

I(g) = I(0)e %" (.29
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From the Guinier approximation can be derived, that the inner part of the scattering function, of a
moleculein ideal solution can be described as a Gaussian function.

Besides this finding, the Guinier approximation is used to obtain the radius of gyration directly out
of an experimental derived scattering function. For this procedure the scattering intensity function 1(q)
is plotted logarithmic versus the momentum transfer vector q2 (Inl(q) vs. q2).

(1@} = {10} - 2L ¢
N’ 3
Cross section  slope

with y-axis

In this presentation the inner part of the scattering function can be directed to fitting procedure using
astraight line fit. The radius of gyration can be derived directly from the slope of the fitting function.
The scattering intensity at g=0 is given by the cross section of the fit function with the y-axis.
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Protein Purification Procedure

The procedure was developed and enhanced by Dipl. Chem. Elena Manakova.

Frozen cells were thawed in ice in lysis buffer (100 mMTris-HCI, pH 8,1, 1 mM DTT, 0,1 mM
EDTA, 0,2 mg/ml PMSF, 0,02 NaN3, 3mg/ml lysozyme). Cells were disrupted using French Pressure
Cell(American instrument company, USA). The crude lysate was cleared by cenrtifugation (30000 x g,
1 hour-40 min, at 4°C) and applied directly on DE-52 cellulose Servacel (Serva) column, equilibrated
with 30 mM Tris-HCI pH 7,8 buffer, containing 50 mM NaCl, 1 mM EDTA, 1 mM DTT and 0,02%
NaN3. GroEL and GroES were eluted in gradient of NaCl (0-500 mM) at 250 mM and 350 mM
respectively. These fractions are rather crosscontaminated. The GroEL containing fractions were 5-6
times diluted with 50 mM Tris-HCI buffer, pH 5,8 - 5,6 for two reasons:. to decrease salt concentration
till 50-100 mM of NaCl and to adjust pH for next chromatography.

The second chromatographic step was performed on the same column, DEAE-Cellulose, equili-
brated with 25 mM His-HCI, pH 5,7, 1 mM DTT. GroEL was eluted with gradient of NaCl (0-500mM)
at 300-400 mM NaCl (GroES is eluted at 200-300 mM NaCl). Pooled GroEL fractions were supple-
mented with 0,4 M AS and loaded on Butyl-Sepharose column (Pharmacia), equilibrated with 20 mM
K-MOPS, pH 7,2, 1 mM DTT and 0,4 M SA. GroEL was eluted with long gradient (0,4 M SA - 0 M).
Main part of contaminations was removed at washing step (0,4 M SA). This step is of special impor-
tance when some GroES is still present. GroES normally does not bind to this column. GroEL is eluted
also at the beginning of reverse gradient.

The rather diluted GroEL fractions, after the Butyl-Sepharose column, were concentrated (by ul-
trafiltration in Amicon stirring cell and Filtron membran with 10 kDa cut-off or with AS precipitation)
and applied on gel filtration Sephacryl S-300 column (Pharmacia), equilibrated with storage buffer of
choice (typicaly, 30 mM Tris-HCI, pH 7,8, 150 mM NaCl, 1 mM DTT, 0,1 mM EDTA, 0,02% NaN 3,
10% Glycerol). Pooled fractions of oligomeric GroEL were frozen in liquid No and stored at -80° .

Main GroES fraction, containing no or very small amount of GroEL after first DEAE chromatog-
raphy were proceeded mainly as described bel ow.

The GroES fractions were incubated at 56° for 20-30min. Precipitated material was removed by
centrifugation (10000 x g, 1hour, a 4 °). After this treatment GroES is already about 90% pure.
As afina purification step GroES solution was supplemented with 0,8 M AS and loaded on Phenyl-
Sepharose column (Pharmacia) equilibrated with 20 mM K-MOPS pH 7,2, 0,8 M SA, 1 mM DTT,
0,02% NaN3. GroES was eluted by reverse AS gradient (0,8 M - 0 M SA) asabroad peak. The GroEL
binds very tightly to a Phenyl-sepharose column, it can be eluted only at salt-free washing step. After
concentration (ultrafiltration with membran cut-off 10 kDa or precipitation with SA 70% of saturation)
GroES was loaded of gel-filtration Sephacryl S-300 (Pharmacia) column and eluted with storage buffer
of following composition: 30 mM tris-HCI, pH 7,8, 150 mM NaCl, 10% glycerol, 1 mM DTT, 0,1 mM
EDTA, 0,02%NaN3 and after concentration stored at -80 °.

Super-pure GroEL can be obtained by using an active Red agarose column (Sigma):

About 20-30 mg Of GroEL (concentration not more than 10 mg/ml) was applied on the column
about 50 ml. Column at room temperature was thoroughly (> 500 ml) washed with 20 mM K-MOPS,
pH 7,5, containing 10 mM MgAcs. When protein completely entered the gel, column was leaved
closed for 20 minutes. Then protein was eluted with 2 column volumes of buffer, pooled, concentrated,
supplemented with salt (at least 50 mM), DTT, NaN3 and glycerol, controled for purity and stored
at -80°. Important is not to exceed GroEL concentration 10 mg/ml. It might start to aggregate after
elution. But can be rescued by adding NaCl about 100-200 mM.
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Appendix

Spritzenaufnahmekopf zur Montage auf Linear-
vorschub

21.03.98

Masstabh: ca. 1:2
MP| Biochemie M. RiBle

Material: Teflonblock mit Aluminiumgewinde
einsatz und Halterung aus Aluminium
zum Einsatz mit Hamilton AccuDill-
Spritzen auf ISEL Linearvorschub




